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Hullo skipper, flares gone—and the aircraft climbs away setting 
course for base, its reconnaissance pictures safely locked in the 
automatic camera. For the white-hot brilliance of the bursting 
flares operated a tiny OSRAM photo cell which automatically 
actuated the camera mechanism, permanently recording the 
panorama below. 
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safer our way of life. 
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THE ELECTROPHYSIOLOGICAL ANALYSIS OF 
THE FUNDAMENTAL PROBLEM OF COLOUR 
RE CEPA LON 


By RAGNAR GRANIT, 


Director of the Nobel Institute for Neurophysiology, 
The Royal Caroline Institute, Stockholm 


Fourteenth Thomas Young Oration, delivered 29 Fune 1945 


§1. INTRODUCTION 


‘WN amemorable lecture at the Royal Society in 1801 Thomas Young expressed 
| well-known views on the mechanism of colour reception. This was 
done almost in passing, and accompanied by the comment that he regarded 
them as something of a corollary to Newton’s great discovery. It was impossible, 
he said, to conceive of the many spectral colours as being represented by an 
equally great number of optic nerve fibres of different type. For this reason he 
suggested that the number is limited. He fixed the number of fibre types at 
three, but this limitation is less essential than the three main generalizations 
implied in his thesis: (i) that the analysing mechanism is placed in the peri- 
pheral visual apparatus, (ii) that the number of colour-sensitive elements is 
relatively limited, (iii) that these elements represent widely different regions of 
the visible spectrum. Certain fundamental aspects of the problems contained 
in these assumptions can now be investigated with the aid of very direct methods. 
It has become possible to record the impulses in single fibres of the optic nerve © 
of animals. 

It is well known to most physicists that Professor Adrian in this country 
first showed that all sense organs respond to stimulation by discharging trains of 
impulses of constant size through their nerve fibres. ‘The electrical nature of 
the nerve impulse as a conducted wave of negativity has been known since the 
work of Du Bois Reymond in 1849, but by introducing electrical amplification 
and by cutting down the nerves from certain receptors until only single fibres 
were left, Adrian succeeded in demonstrating that the response to variations in 
‘stimulus intensity is a variation in frequency of an impulse of constant size in 
the individual fibres (Adrian, 1932). This result is the basis of modern physio- 
logical analysis of all sensory mechanisms. ‘The retina was also included in 
Adrian’s pioneer programme of research (1927), and several important results 
were obtained. But at that time, in the late twenties, the new technique opened up 
's0 many prospects to physiology that the seemingly hopeless and formidable 
problem of isolating single fibres among the several hundred thousands of the 
optic nerve was left unsolved. 

PHYS. SOC. LVII, 6 31 
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The American physiologist Hartline (1938) solved this technical problem for | 
the first time by a very painstaking method of microdissection. He used the 
excised eye of the frog, removed lens and cornea and lifted up fibres from the 
retina on to his electrode in the region where they converge to form the blind | 
spot. This technique is extremely laborious, and I remember Dr. Hartline | 
telling me once that every eighth experiment succeeded, provided, of course, that | 
the experimenter had acquired sufficient skill to succeed at all. (For a review of | 
Hartline’s work, see ¥. opt. Soc. Amer. 1940.) | 


§2. MEASUREMENTS ON ISOLATED FIBRES 


Our own microelectrode technique is a great deal simpler. For work on 
colour reception it is essential that the technique for isolation of fibres should not | 
be too difficult. It must be applicable not only to excised eyes but also to mamma- | 
lian eyes in the living narcotized or decerebrated animal. The microelectrode 
is a thin platinum wire, isolated with glass down to the tip. It is applied to the | 
inside of an eye from which cornea and lens have been removed. ‘The micro- | 
electrode touches the fibres running along the retina to the blind spot. A 
schematic picture is shown in figure 1, referring to the rat’s retina. This picture | 


Figure 1. Diagram illustrating microelectrode on optic nerve fibre of rat. Several receptors |) 
and bipolars converge to form the unit recorded from. (Granit, Acta Physiol. Scand. 2, 
1941 a.) 


also illustrates the fact that several receptors converge towards the single fibre | 
isolated. ‘There are few cones in the rat’s retina. One cone and a much greater } 
number of rods make up the convergence unit assumed to be isolated by the 
microelectrode. Such isolated fibres have very different properties. The | 
records in figure 2 illustrate the simplest type : the isolated unit responds to an] 
increase in intensity from the threshold upwards, with an increasing number of} 
impulses at an increasing rate of discharge. These particular records are fro 
the eye of a guinea pig in which such units form the great majority ; it was maxi-] 
mally sensitive to green light around 530 my, as shown by figure 3. The ordinate} 
of this curve is the inverse value of the relative quantum intensity necessary tof) 
elicit one impulse, as in the uppermost record of figure 2. The animal was light 
adapted. 7] 
This experiment illustrates the main principles of the microelectrode experi-| 
ment on colour reception. It isa technique for measuring the absolute threshold] 
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to spectral light. In actual practice such experiments are not carried out photo- 
graphically, but the impulses, or, as we say, the spikes, are amplified and led to a 
loud-speaker. The spectral energy is increased by means of a calibrated wedge 
until a sharp report is heard in the loud-speaker. Single fibres are not always 


Figure 2. Guinea pig. Isolated unit with maximal sensitivity in 530 mp responding to different 
intensities, increasing from record to record downwards. Uppermost line in each record 
=light signal. Time in 1/50 sec. between this and spike records. Uppermost record at 
threshold strength, lowermost record at 10°7 times threshold energy. (Granit, Acta 


Physiol. Scand. 3, 1942.) 


obtained, and quite often one has to be content with a highly restricted discharge. 
Since the threshold method always picks up the most sensitive fibre of all, this 
limitation is less serious than might have been imagined. In my latest experi- 
ments with the cat’s retina, single fibres were obtained in 60% of the cases. 


Spectral distribution of sensitivity of spike recorded in figure 2. 


Figure 3. 
Se (Granit, Acta Physiol. Scand. 3, 1942.) 


Success depends mainly on the success in making the microelectrode, and to 
some extent, of course, also on patience and practice. ‘The animal must be quiet, 
) a r 
fot the slightest movement suffices to shift the microelectrode. 


I have said that the fibre shown in figure 2 represented a simple type of 
31-2 
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response. In the cat’s eye, for instance, the fibres respond to an increase of 
stimulus intensity in a very complex manner. Most fibres discharge to both} 
onset and cessation of illumination. But the relative amount of on- and off-} 
discharges varies a great deal with stimulus intensity. Light may inhibit the} 
on-discharge in a certain intensity range and inhibit the off-discharge in another. | 
The complexity of the response, as soon as the threshold strength has been | 
exceeded, is something stupendous. Hardly two fibres can be said to be exactly | 
alike. An instance is given in figure 4. The figures to the right above each | 

| 


Figure 4. Cat. Isolated spontaneously active element responding to progressively increase 
intensities of white light. The numerals to the right show the extinction (densities) of the} 
filter-wedge combination used in front of a light of 892m.c. Marked as figure 2} 
(Granit, 7. Physiol. 103, 1944.) 

record show the density of the neutral filter put into the beam of a white light o 

892 m.c. In this case the fibre is spontaneously active all the time. The onJh 


first, is inhibited in record 3.09, increases a second time (record 1.38) and is} 
ultimately completely inhibited at maximal intensity (record 0.09). Thesdf 
complex effects are due to interaction in the extremely complex retinal switchboard} 
of neurons and synapses'from which the optic nerve fibres take off. Sucliff 
phenomena must play an important réle for discrimination and contrast effects}, 
but they do not concern us here. Figure 4 merely serves as a warning againsif 
premature and over-optimistic simplification when one is dealing with a wonderful} 
microcosm of a nervous centre such as the vertebrate retina. : 


§3. THRESHOLD MEASUREMENTS FOR COLOUR-RECEPTION ANALYSI¢h 

From the point of view of the analysis of colour reception we must begin witlf} 
threshold measurements in the manner just described. For this immediatd} 
purpose it is immaterial how the discharge is modified by an increase of stimulu: 


| 
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intensity. We can always determine the energy necessary for a threshold response. 
This is the method that has been used in my analysis of the fundamental problem 
of colour reception, the problem raised with such clarity by the far-sighted genius 
of Thomas Young. 

The results of measurements of the energy necessary for a threshold response 
at various wave-lengths could be very easily interpreted, were it not for the fact 
that in most of the laboratory animals both rods and cones converge towards the 
same fibre, as in figure 1. Now the rods contain the extremely light-sensitive 
substance visual purple, which has maximum absorption around 500 my and a 
quantum yield, as determined by Dartnall, Goodeve and Lythgoe (1936), of 1, so 
that one quantum of light destroys one molecule of visual purple. Its absorp- 
tion curve has been fairly well known since the work of Trendelenberg in 1904, 
and was first accurately determined with up-to-date technique of extraction and 
photo-chemical analysis by the late Dr. Lythgoe in this country in 1937, and 
almost simultaneously by several other workers. Schneider, Goodeve and 
Lythgoe showed in 1939 that the photosensitivity of visual purple agreed with the 
human scotopic luminosity curve, illustrating the distribution of brightness for 
a dark-adapted eye to a spectrum of low intensity. (For a full review of this 
work, see author’s summary, Granit, 1946). 

It is therefore not surprising that my method reproduces the same curve if 
the threshold energy in the spectrum is determined for fully dark-adapted eyes 
of animals containing rods charged with visual purple. Such measurements 

will be shown later. At the moment this point is taken up in order to emphasize 
that the visual purple distribution of spectral sensitivity is a serious complication 
in work with animals. Visual purple can be removed by light-adaptation, but it 
regenerates during the time the experiment is carried out in the dark, and so 
tends to raise the sensitivity in the green around 500 mu. ‘This, of course, is a 
consequence of the convergence of several receptors of mixed nature towards 
each optic nerve fibre as well as of the extreme sensitivity to light of visual purple. 
‘But when we use our own visual purple mechanism in the dark, the spectrum 
“appears colourless. An increased sensitivity to green around 500 mp cannot, 
therefore, in the microelectrode experiment, be ascribed to a hypothetic “green 
response’ ’ of the cones. In order to be able to do so we must make certain that 
we have not been engaged in measuring merely the photosensitivity of visual 
purple. The experimental work becomes something in the nature of a fight 
against the absorption curve of visual purple, which tends to cover up the pro- 
perties of other receptors belonging to the convergence unit which has been 
| isolated by the microelectrode. ; 


§4. THE DOMINATOR AND MODULATORS 

_ In order to illustrate one of the main findings, I shall therefore first draw 
| attention to a curve from the eye of a snake which is lacking visual purple. ‘This 
animal has a pure cone retina. In figure 5 the curve interrupted by dots refers 
to the snake (1943 b), the other curve to the frog’s eye (1941 c), which has been 
light-adapted so as to depress the activity of visual purple. The two curves are 
‘sufficiently similar to support a conclusion that after light-adaptation the remaining 
cones of the frog’s eye have behaved like the cones of the snake. I shall refer 


452 Ragnar Granit 


to this broad cone curve with maximum around 560 mp as the dominator. ‘Those } 
familiar with the problems of vision will immediately notice that the dominator 
curve represents a distribution of sensitivity which is almost identical with the) 
human daylight luminosity curve for cone vision, the so-called photopic luminosity | 
curve. Provided that an animal’s eye possesses a sufficient number of cones, this | 


450 500 550 600 650 P 700 


Figure 5. Distribution of sensitivity of dominator element in the retina of snake (line interrupted | 
by dots) and frog (uninterrupted line). (Granit, Nature, Lond., 151, 1943.) 


curve is always obtained, and represents the most common electrophysiological 
finding. It is lacking in the eyes of rats and guinea pigs (Granit, 1941 a, 1942). 
The guinea pig’s eye is said to lack cones altogether, the rat’s eye is said to} 
contain about 1 % cones, apparently too few to be able to give the dominator. 

In a sense the dominator can be described as a physiological unit response, 
but it is very probable that several receptors have combined to form this unial 
We must remember that all optic nerve fibre units are convergence-units, ash 
stated above. 

When different optic nerve fibres are picked up, in the manner described, the} 
whole experiment is very much dependent upon statistical chance and good luck. | 
These factors favour the dominator, but other types of curve are also sometimes} 
obtained. These are illustrated in figure 6. The curves are from eyes of differenti] 
animals : rats (1941 a), guinea pigs (1942), frogs (1941 c), snakes (1943 b). First 
should be noted that they differ from the dominator curve in two importan | 
respects : they are much narrower and are spread over a large fraction of the’ 
visible spectrum. 

Neglecting for the moment the narrow curve with maximum around 500 mp, 
which may be described as a narrow visual purple curve, the most striking fact 
demonstrated by figure 6 is the confinement of the narrow curves to three] 
preferential regions of the spectrum. This is the more remarkable if one con-] 


siders that they are from different animals. I have called these curves the: 
modulator curves. 


The most characteristic red modulator had its maximum at 600 my. | 
was found in rats (dots), much to my surprise, since I took up the rat’s rod eye} 
in order to find out what happens to the visual purple distribution of sensitivity] 
when the eye becomes light-adapted. The result was that I found the red modu-} 


| 
| 
| 
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lator remaining, when the green end of the spectrum, occupied by the visual 
purple absorption, had disappeared below the instrumental threshold of the 
Hilger-Tutton monochromator used at that time. After some time in the dark 
the narrow curve with maximum at 500 mu turned up. Later, during dark- 
adaptation, it expanded and assumed the shape of the typical visual purple 
absorption curve. I have since seen the same narrow curve in other rod eyes, 
but not in the cone eye of the snake. It is difficult to say whether it would play 
any part in human colour vision or not. Probably not, if central fixation is used. 
The rat’s red modulator may be due to the 1% cones. Histologists, though not 
all, believe in cones in the rat’s eye. There was no dominator in thiseye. The 
red modulator was also seen in the eyes of frogs, in the pure cone eye of the snake, 
and was indicated as a hump on the green curve in some very rare cases in the 
guinea pig. In the frog I found some modulators with maximum at 580 my. 
These will be called yellow modulators. 
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Figure 6. Distribution of sensitivity of modulator elements from eyes of rat (dots), guinea pig 
(broken line), frog (line in full) and snake (line interrupted by circles). In this figure and 
in figure 5 spectra of equal quantum intensity. The ordinates on either side of 560 mp 
drawn down to indicate dominator values. (Granit, Nature, Lond., 151, 1943.) 


Green modulators are found in all eyes between 520 and 540 my, even in the 
cone eye of the snake, but in this animal it proved impossible to separate them 
from the red modulator. Blue modulators around 460 mu were found in the 
frog’s eye and in the pure rod eye of the guinea pig, but not in the cone eye of the 
snake. 

The general biological implications of these findings are clear enough. Nature 
has not taken the trouble to invent new mechanisms of colour analysis for every 
new species. It has, as it were, decided upon the principles to be used and then 
proceeded to use them with what, from our point of view, we might call a greater 
or lesser degree of perfection. The eyes of the different animals are probably 
adapted to the life and habits of the species concerned. With regard to modu- 
lators, the boundaries between rods and cones do not seem to be very strict. It 
seems certain that dominators only are found in eyes with a large number of 
cones. It is possible and even probable that red modulators are cones in the 
histological sense, but modulators in the short wave-lengths need not be cones. 
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Blue modulators must be rods in the histological sense, and it is doubtful whether 
blue modulators can ever be anything else. The experiments suggest that, on 
the whole, more attention should be paid to photochemistry than to histology. 
Histological and photochemical definitions as to what is a cone or a rod may 
disagree. Unfortunately cone photochemistry is still at the stage when it is no 
exaggeration to state that the less said about it the better. It is, of course, very 
difficult to extract substances from receptors which to all appearance are practically 
colourless. . 

If I may state my own belief it is that the cone substances are modifications 
due to changes in the bonds linking the visual purple chromophore to its protein 
body. There is some evidence for this view which cannot be discussed in this 
connection (see Granit, 1941b). Some day those working on the photochemistry 
of visual purple will provide us with important clues to the solution of this riddle. 
Lythgoe made a beginning when, shortly before his death, he found that visual 
purple, regenerating from its photoproduct “transient orange’’, had its absorption 
curve shifted towards the long wave-lengths. This work was never published. 


§5. NATURE OF THE DOMINATOR 


The microelectrode experiments now described did not suffice to create that 
feeling of satisfaction with which the completion of a work properly should end. 
The element of statistical chance involved made them not only extremely tedious 
but also unsatisfactory; and what was the meaning of the dominator, which 
was the most common finding in eyes containing a great number of cones ? 
Could it be regarded as being formed by grouped modulators ? Those questions 
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Figure 7. Luminosity curve determined by Wright (Nature, Lond., 151, 1943) with a small fovea 
patch of low brightness. The circles illustrate the cat dominator from Granit (Acta 
Physiol. Scand. 5, 1943 a.) Equal-energy spectrum. 


became more pressing when it was found that in some cases the dominator of | 


the snake eye had a hump around 600 my and that all dominators in the cat’s eye 


had this same hump. Despite this it proved impossible to obtain red modulators ]} 
in the cat’s eye, although this eye is more like the human peripheral retina than | 


any other eye used in my work. 


At that time Dr. Wright published in Nature (1943) a brief note reporting the 
results of an experiment in which he had tried to imitate the microelectrode 
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method by measuring the luminosity curve of a very small patch of light. He 
also found a hump on the foveal luminosity curve in the red around 600 mp. 
Figure 7 shows Wright’s curve. The circles refer to my own measurements of 
the cat’s dominator. This parallelism between two independent measurements 
with very different techniques suggested that the dominator might be a composite 
curve, besides suggesting that the human and the feline mechanism of colour 
reception cannot be fundamentally different. It therefore became imperative to 
develop a method by means of which it would be possible to split the dominator, 
if it could be split. Considering that about 36° of the isolated fibres in the 
light-adapted cat’s eye gave the dominator, a successful splitting of the dominator 
would minimize the statistical element of chance involved in the process of 
hunting for simpler units of colour reception. For the new experiments I used 
Dr. Wright’s well-known colorimeter (1934), drawn and constructed for this work 
by Mr. G. C. Newton. 

The principle of the experiment is illustrated in figure 8. The animal is 
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Figure 8. Dark adapted cat. Large circles=average distribution of sensitivity of isolated fibres 
in the optic nerve. Small black circles=Lythgoe’s corrected curve for visual purple 
absorption from #. Physiol. 89, 1937. Spectrum of equal quantum intensity. As to 
significance of diagram and symbols, see text. (Granit, ¥. Neurophysiol. 8, 1945.) 


fully dark-adapted so that the highly sensitive visual purple completely dominates 
and gives the curve P. This is based on some 1320 readings, averaged into 179 
values, again averaged to give the large circles around the curve. ‘The small 
black points are Lythgoe’s corrected curve for visual purple absorption, which is a 
little too low in the violet, as shown by Schneider, Goodeve and Lythgoe (1939). 
A slight effect of the dominator makes my curve a little too high in the yellow-red 
region. 

If the eye be adapted to red, blue or green light the curve P is reduced to 
p, by proportionate ordinates at all wave-lengths, since P represents the homo- 
geneous substance visual purple. Hence 


Pip=k. | eee (i) 


But if there are any other colour-sensitive substances (M), preformed or pro- 
duced by visual purple, curve P does not drop to p but to some other curve, U 
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(figure 8). The modulators M are given by the difference between U and p, as | 


evident from the diagram, or 


M=U->p. beeta) 


In this case p is unknown, but the equation can be solved by giving it the i) 


form 


M=U—P/k: > re (3) 


P is obtained before, U after, selective adaptation, and k can be obtained i) 
from (1) by finding the spectral region in which selective adaptation has caused | 
the largest drop of sensitivity, since in this region there was no other substance : 
than visual purple left to resist light-adaptation. This region will generally be | 
found in the place where the letter p is inserted in the diagram (figure 8). All | 


quantities of (3) are now known, and the argument can be tested by experiment. 
Equation (3) was solved in 34 experiments on the basis of some 4000 observ- 


tions collected in 601 points on U-curves. Some 60% of the U-series referred | 
to isolated fibres, the rest to restricted activity. In 29%, the equation came out 


zero (U=p), and hence the microelectrode had struck a unit with pure visual 
purple receptors. In the rest of the series complex curves were obtained. 


-400 = 450 -500 > 550 -600 “650 a +700 

Figure 9. Average effects of selective adaptation of cat’s eye, as described in text. @=red adapta- 
tion, ()=green adaptation, @)=blue adaptation. Spectrum of equal energy. (Granit, 
F. Neurophysiol. 8, 1945.) 


Coloured adaptation was used because it was hoped that, for instance, red 


adaptation would suppress red-sensitive elements and give elements sensitive |] 


to other colours a chance to appear. The eye was left in coloured light for some 


time, this light then instantaneously interrupted, and a test light from the spec- |} 


trum flashed in, 3 sec. after interruption of the coloured adaptation. ‘This time 
was chosen in order to give the off-effect time to disappear or to diminish in fre- 
quency, so as to make it possible to hear whether the test light caused a fresh 


discharge or not. When the test had been carried out, the adapting light was | 


again switched on for a while until the eye was ready for a new test with some 
other spectral wave-length. For adaptation the Ilford spectral filters red, green | 


and blue were used in the main series. A minor number of experiments were | 


carried out with the yellow and violet filters. 


For a general survey of the M-curves from equation (3), figure 9 should be | 
studied. ‘This does not show any individual modulators, but merely the general 
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effect of adaptation to red, green and blue light as gross averages of the M-curves 
obtained. The maximum for each individual experiment has always been 
given the value 100, so that the curves give an idea of the chance for a given point 
to reach a certain magnitude. 

It is seen that blue adaptation gave the most uniform results, so that only 
curves with maximum in the red were obtained. Red adaptation actually sup- 
pressed red modulators, but green and blue modulators made themselves felt. 
The adaptation to green had a still less selective character. There were humps in 
both the red, green and blue regions of the spectrum. 

Let us now present the same results in a manner which is easier to follow. 
The individual modulators from the three preferential regions have been picked 
out and averaged, independently of the kind of coloured adaptation by which 
they have been obtained. The results are shown in figure 10, in which, also, the 
dispersion is indicated (outer contours). The narrow red modulators were of 
two types with maxima respectively at 600 my (red) and 580 mp (yellow), the 
former type being the more common. Most green modulators overlapped and had 
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Figure 10. Averaged individual modulators (cat) as obtained by selective adaptation. @=red’ 
modulators, Q =green modulators, Q=blue modulators. Outer contours indicate dis- 
persion, see text. Spectrum of equal energy. (Granit, 7. Neurophysiol. 8, 1945.) 


maxima at 540 mp, some at 520 mu, and two of them were of the type previously 
described as narrow visual purple curves. ‘These may be lacking in pure cone 
eyes. ‘These modulators were the ones seen before in different types of retinae, 
analysed by the earlier “‘chance’”’ method. ‘The blue region could be better 
analysed with Wright’s colorimeter. Most blue modulators had their maxima 
at 460 mp (blue), one at 440 mp (violet). They were very narrow bands. Errors 
of measurement increase from the red to the blue end. On account of the 
steepness of the modulator curves the maxima are fairly well definable. 

The average modulators of figure 10 are too narrow to add up to a cat domi- 
nator. It is clear that impulses also must be delivered up the optic nerve by 
modulators with ‘“‘legs”’ outside the averages. The dispersion gives some idea 
of the extension of the outer margin of each of the three groups of modulators. 
In figure 11 the extreme values obtained in these experiments are given. ‘Together 
with the curves of figure 10, showing the dispersion, they should give some idea 
of the limits permitted in synthesizing the dominator. 

In figure 12 is shown the synthesis of the cat’s dominator (Granit, 1943 c) 
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from figure 7. The thick line, drawn through the readings, is the sum of the 
red and green curves, Rand G. In the light of these experiments it seems per- 
missible to maintain that the dominator is a composite curve consisting of modu- 
lators. Nevertheless the dominator must be regarded as a biological umit. It 
cannot be neglected in theories of colour vision even though the modulators are 
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Figure 11. Extreme values obtained for cat modulators by selective adaptation, as described in | 
text. Equal-energy spectrum. (Granit, ¥. Neurophysiol. 8, 1945.) 


the ultimate physiological units, the units of first order. It should be emphasized 
that modulators in the pure state were also obtained without coloured adaptation 
in some animals. 

Why have modulators never been found in the human eye with sensory 
methods ? The main reason would seem to be that the analytical unit-field 
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Figure 12. Circles=averages of four photopic dominators of cat. Curve D in heavy lines=synth esis 
of this dominator by adding modulator areas G and R and plotting their sum in percen 
of maximum. Equal-energy spectrum. (Granit, 7. Neurophysiol. 8, 1945.) 


contains too many elements, perhaps up to a hundred thousand nerve fibres. |} 
I should also like to draw attention to the fact that the microelectrode technique | 
is a threshold measurement. Wright’s and Walters and Wright’s (1943) pro- 
mising results suggest that experiments with small areas and low intensities, |} 
perhaps aided by selective adaptation, might open up new possibilities. Some- | 
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thing might also be gained by studying the peripheral field of vision (see Walters 
and Wright, 1943). 

In figure 13 I have synthesized the human photopic luminosity curve on the 
basis of the results obtained with the cat’s optic nerve. The daylight spectrum 
or cone spectrum of the human eye agrees very well with the dominator (D) of 
the electrophysiological experiment. The three preferential regions within 
which modulators are found are given by the R, G and B curves, forming the 
three fundamental sensation curves of the Young-Helmholtz trichromatic theory. 
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Figure 13. Synthesis of human photopic luminosity curve (D), as determined by Coblentz and 
Emerson (Bull. Bur. Stand., Wash., no. 303, 1917), on the basis of three fundamental sensation 
curves, R, G and B. The R-curve indicated to be the sum of two modulators My and Mr. 
Equal-energy spectrum. (Granit, ¥#. Neurophysiol. 8, 1945.) 


Their sum is the dominator. For the R-curve I have indicated the two modu- 
lators M, and M,. It would, no doubt, be possible to combine the modulators 
in a slightly different manner, for instance an R-curve with a hump at 600 muy. 
But the last word on this question must remain with those who are experts on 
human colour psychophysics. It should be remembered that threshold measure- 
ments, such as are used in electrophysiological measurements, record the narrowest 
curve that can be obtained. It seems possible that the greater the level of intensity, 
the greater the width of the modulator curve. The retina, after all, is a complex 
nervous centre with mechanisms of facilitation. 


§6. COLOUR VISION 


It should be emphasized that the electrophysiological experiments have not 
provided any evidence for the existence of three fundamental response curves. 
From the physiological point of view, colour vision must be understood in terms 
of modulators and dominators. The three fundamental response curves must 
be regarded as approximations depicting the areas covered by the modulators 
in the three preferential regions. But it is interesting to note that my schematic 
response curves agree fairly well with those obtained by Walters (1942) in experi- 
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ments developing Wright’s (1934) method of selective adaptation. Walters’ 
curves are shown in figure 14. 

Recent work by Pitt (1944) on the three response curves has not yet become 
available to me, but from a summary by Stiles (1944) I infer that Walters’ results 
have been confirmed by Pitt by a different method. Pitt’s curves extend further 
down into the blue part of the spectrum. 
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Figure 14. Fundamental sensation curves determined by Walters (Proc. Roy. Soc. B, 
131, 1942). 


The fineness of hue discrimination would seem to be well explained by the 
narrow modulator curves. Figure 15 is taken from the work of Wright and 
Pitt (1934). The ordinates show the shift in wave-length, necessary for dis- 
crimination of hue at adjacent wave-lengths, so that minima in the curve signify 
maxima of discrimination. In the region between 580 and 600 mp, where the 
red and the yellow modulators intersect, one can distinguish wave-lengths sepa- 
rated by as little as 1 mu. From figure 13 it is clear that precisely in this region a 
slight shift of wave-length suffices to redistribute the nerve fibre signals between 
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Figure 15. Human hue discrimination according to Wright and Pitt (Proc. Phys. Soc. 46, 1934). 


the red and the yellow modulator. The second optimum between 480 and 510 mp 
is found in a place where the blue and red modulators meet and intersect with | 
the green ones. Rather remarkable is the third (less marked) optimum between | 
450 and 440 my, which suggests, as did my experiments, that two blue modulators | 


overlap in this region, the blue proper with maximum at 460 and the violet one 
with maximum at 440 my. 


The fundamental problem of colour reception 461 


{75 THE NATURES OF WHITE AND COLOUR 


The existence of the dominator as a physiological unit makes it necessary 
to consider its sensory equivalent. It is well known that our sensations of light 
can be divided into two main categories, brightness or luminosity and colour or 
hue. The luminosity curves of the human eye have several times been referred 
to. It is well known that corresponding to our two sense-organs in the retina, 
the rods and the cones, there are two luminosity curves, one for dark-adapted 
rods charged with visual purple, another for the light-adapted eye and cone vision. 
These two standard curves are shown in figure 16. The daylight luminosity 
curve to the right we have identified electrophysiologically as the photopic 
dominator, the scotopic luminosity curve to the left as a replica of the visual. 
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Figure 16. The standard photopic and scotopic luminosity curves of the human eye. 


purple absorption curve minus losses of light of short wave-length in the ocular 
media. If the latter curve is corrected for this and plotted on a quantum basis, 
it will actually be identical with the curve for visual purple absorption. 

Figure 16 is introduced here merely in order to show that a shift of the maximum 
need not as such cause an impression of colour. Both curves are luminosity 
curves illustrating the distribution of brightness. From the physiological point 
of view it seems reasonable to suggest that optic nerve fibres representing wide 
spectral areas, such as those of figure 16, cannot cause any other impression 
than that of brightness or whiteness. For discrimination of wave-length, nature 
has developed a very different type of mechanism, consisting of narrow modulators 
in three preferential regions. 

According to this view the dominator represents brightness or whiteness. 
To put it differently, the fundamental visual equivalent to impulse frequency is a 
neutral white. Colour, if I may say so, is a kind of “local sign”’, carried by the 
modulators, which are certain receptors or groups of receptors connected to 
certain fibres so that from the retina up to the brain the same spatial pattern of 
organization is maintained. Inasmuch as the modulators contribute to impulse 
frequency they can also contribute to brightness. 

Galambos and Davis (1942) have recently applied the microelectrode tech- 
nique also to the acoustic nerve. There too it was found that the different 
acoustic frequency bands were represented by different fibres, rather narrow 
bands at that. In the ear too the perception of quality or pitch is something 
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related to space, just as in the eye. Loudness, however, is almost certainly a | 
function of total impulse quantity, just as brightness in the eye. Colour and | 
pitch are determined by some kind of local sign. i| 
What makes the eye particularly interesting is that the spectral distribution | 
of brightness is also found to be represented by individual optic nerve fibres. | 
In my opinion this must be regarded as evidence for the view that white has the | 
character of a separate sensation. It has long been known that brightness and | 
colour have maintained a certain amount of independence. This is particularly 
obvious in defective colour vision. Thus the deuteranope is a red-green blind 
observer with a normal distribution of luminosity. I do not see how this can be | 
explained by the trichromatic theory, according to which white must be regarded 
as the sum of the red and green fundamental response curves with a minor con- | 
tribution from the blue curve. If the red and green curves are lacking, one must | 
expect a grossly abnormal distribution of luminosity instead of the normal one. 
found. This difficulty does not exist for the dominator-modulator concept. 1 
The various forms of colour blindness I regard as defects in the receptors }} 
or elsewhere in the paths representing the modulators. But such defects would ]} 
have to be of an extreme degree in order to be so complete as to remove the domi- |} 
nators, of which, apparently, there is a very great number, considering how easily ]} 
they can be detected. | 
There are, too, several forms of acquired colour blindness. ‘They are charac-f 
terized by loss of perception of certain hues but not of brightness. In certain|f} 
forms of colour blindness, such as protanopy, there are minor shifts in the lumi-jf} 
nosity curve. ‘These can be explained by a minor redistribution of the aggregate 
modulators forming the dominator. 
The distribution of saturation in the spectrum is very characteristic. The} 
ends are saturated and at the same time dark, extreme red and extreme blue 
being examples of such dark and saturated colours. On the dominator-modulator| 
concept this is explained by the fact that at the ends of the spectrum the dominato | | 
values are very low, so that the modulators in these regions are responsible fo | | 
the greater part of the sensory experience. Again, in the yellow region the largeif} 
contribution from the dominator makes the spectrum appear relatively white! 
and the colour unsaturated. ) 


§8. CONCLUSION 


Let us now return to Thomas Young, in whose honour this lecture is bein 
delivered. It is a piacere of those whom we revere as classics of scienc 


i 
Wh 
be expected to behave and so have preserved lasting creative power. What i 
greater tribute could one scientist pay to another’s memory than to perform a | | 
experiment suggested by his ideas, 140 years after they have been formulated, 
and come to the conclusion that these ideas were fundamentally correct ? The 
mechanism of colour reception is organized by the peripheral visual apparatus, 
the number of colour-sensitive elements is relatively limited, and these clement 
represent widely different regions of the visible spectrum. Those were Y oung’s# 
three fundamental assumptions. He was right even in assuming three mai 


types of colour-receiving apparatus. These are the three preferential regions 
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within which modulators are found. The electrophysiological work may, indeed, 
be said to have confirmed the view he gave of the framework of a mechanism of 
colour reception. Its finished picture looks somewhat different, but the old 
framework was solid enough and shines through. 

It has been a great pleasure for me to have had this opportunity of speaking 
to this distinguished audience in honour of Thomas Young. His original theme 
was the same as mine, in the sense that he described a peripheral mechanism of 
wave-length reception in terms of the properties of nerve fibres. Colour vision 
is amuch wider subject, and there are several in this Society who know much more 
about it than I do. My theoretical attempts to translate the electrophysiological 
results into the language of colour psychophysics are legitimate, and I believe 
them to be correct, but further experience may nevertheless necessitate modi- 
fications. I can only hope that I shall not have to make these experiences myself, 
but that somebody else will try his hand at the optic nerve. I also feel just 
now that it would be interesting to see for a while what photochemistry and colour 
psychophysics could do for this field before any further labour is invested in 
electrophysiological work. For the invitation to present the results of this work 
0 the Physical Society I wish to express my sincerest thanks. 
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THE GEOPHYSICAL ASPECT OF COSMIC RAYS. 


By ARTURO DUPERIER 
London : formerly University of Madrid 


Twenty-ninth Guthrie Lecture, delivered 5 Fuly 1945 


§1. INTRODUCTION 


however, physics attracted me in consequence of my interest in thermo- 

dynamics, whereby I became acquainted with Professor Guthrie’s important | 
discovery of cryohydrates. I could hardly have imagined that the future would 
hold for me the honour of delivering one of the lectures instituted by this dis- 
tinguished Society in his memory. This invitation by your Officers and Council 
is another proof of the kindness shown to me by this country, whose generosity} 
has enabled me to carry on my scientific work. | 

On the suggestion of Professor P. M. S. Blackett, | undertook in 1939 the} 
study of the variations of cosmic-ray intensity with time. All work carried oujff 
in recent years has shown increasingly the close relation of this study with tha} 
of terrestrial magnetism and with the physics of the atmosphere. In presenting] 
to you some of the results I have obtained, I shall try to give you an outline of thq 


present state of our knowledge of this geophysical aspect of cosmic rays. 


iE my student days I intended, like your founder, to become a chemist. Later,| 


i 
§2. THE TEMPERATURE EFFECT OF COSMIC RAYS | 
| 
| 


In the last decade or so cosmic rays have been recorded in various parts aff} 
the world. ‘The early records, obtained by using ionization chambers, showed 
an annual variation of the intensity of cosmic rays inverse to that of the temperieal 
near the ground. 

It is well known that Blackett (1938) attempted to relate this temperatur}’ 
effect with the instability of the mesons, which form the main part of the pend . 
trating component, and that in this way he explained the decrease of cosmid i 
ray intensity in warm weather as being due to the greater distance which th! 
mesons have to travel to reach sea-level owing to the greater height of the pressure: | 
level at which they originate. As Blackett pointed out, to test this theory thfl* 
observed intensity changes would have to be correlated with the mean te HT 
perature of the free atmosphere rather than with the temperature near the groun¢ 
as had been done until then. 

Duperier (1941), using various published cosmic-ray records with the uppe 
air temperature data for Europe compiled by Wagner and those for the Unitef! 
States compiled by Lennahan, found that the seasonal cosmic- -ray variations a] i 
related more closely to the average spatial temperature of the atmosphere uf I 
to 16 km. than to the temperature near the ground. In particular, it was sho Q 
that the lag in the warming of the atmosphere in spring is paralleled by al ' 
in the diminution of intensity of cosmic rays. But though this was the only wit 
of treating the data then available, it was clear that such a correlation had 


q 


| 
| 
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light physical significance, particularly as the observations of atmospheric 
emperature referred to different intervals of space and time from those of cosmic- 
ays. 

At about the same time, Beardsley (1940) correlated the cosmic-ray intensity 
it Cheltenham (U.S.A.) and the upper-air temperatures as obtained by radio- 
sonde balloons released during the period covered by the observations. He 
ound that up to 10 km. the correlations were not appreciably different from 
hose based on ground temperature, but that above this altitude the correlation 
»ecomes less close as the height increases, and even changes sign. This would 
nean that the temperature averaged over a height of 15 km. would be less closely 
sorrelated with cosmic-ray intensity. 

Later, Hess and Benedetto (1941) and Benedetto, Altmann and Hess (1942) 
made a similar investigation using the data obtained with a cosmic-ray dual 
elescope and upper-air temperatures which were observed during the same 
period. ‘They first correlated cosmic-ray intensity at ground level with tempera- 
cure values at different levels from the surface up to 12 km., and found that the 
correlation decreased as the height increased. Because of this result, they were 
led to a new method of taking mean temperatures. Instead of the ordinary 
method of integrating the temperature v. height curve and dividing by height, 
they adopted the method of integrating the temperature v. pressure curve and 
dividing by pressure. ‘To the temperature thus defined they gave the name of 
mass temperature. ‘Then they correlated the mean daily cosmic-ray intensity 
with the mean mass temperature for increasing fractions of the atmosphere, 
and found that this correlation increases, though only very slightly, as the fraction 
of the atmosphere becomes greater : from r= —0-71 for 0-2 to r= —0-75 for 0:8 
of the atmosphere. 

Clearly, from these results it would not be possible to say whether the so-called 
temperature effect of cosmic rays is controlled by the mean temperature of the 
atmosphere up to a certain level rather than by the temperature near the ground, 
however the temperature be defined. 

But the lack of success in proving the predominant influence of the atmospheric 
remperature was perhaps not surprising. As a result of the instability of the 
meson, it is the change in height of the pressure-level at which mesons are formed 
which gives rise to the fluctuations of the penetrating cosmic rays at the ground, 
ind, as the hypsometric formula shows, the height of any pressure-level depends 
not only on the temperature, but also on the vertical distribution of temperatures 
n the air underneath and on the pressure at sea-level. When, in order to find the 
correlation with temperature, the ground-level meson intensities are first corrected 
‘or pressure by using, as is customary, the so-called barometric coefficient, the 
sffect of the pressure change at sea-level on the height is removed, but there still 
-emains the effect of distribution of temperatures to be added to the effect produced 
xy change of mean temperature. Now, since the upper-air observations show 
hat the differences in temperature distribution from day to day are generally 
‘ar from being negligible, it must be admitted that the simple correlation of daily 
sosmic-ray changes with mean temperatures cannot lead to convincing results. 

On account of this, I have (1944) adopted another method for the analysis of 
he cosmic-ray records which have been obtained in London in the last few years, 
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by making use of a battery of Geiger-Miiller counters registering triple coinci- |} 
dences. 

Cosmic rays travelling through the atmosphere lose energy in several ways, |} 
the amount depending on the mass of air traversed. In addition, if we accept} 
the principle of the instability of the meson, the penetrating rays are also 
subject to decay. We may thus establish that the variation of the cosmic-ray| 
intensity at ground level is a function of, firstly, the variation of the mass of air) | 
(represented by the barograph reading), and, secondly, the change in height of | 
the pressure-level at which mesons are generated, assuming that there is only) 
one meson-generating layer. Now should this be correct, there must clearly be} 
a correlation between the variations in intensity of cosmic rays and those in height 
of this pressure-level. But as we do not know where mesons originate we have) 
to put to the test a few pressure-levels for which meteorological information 1 is} 
available. : 

For the computation the hourly numbers of cosmic rays and the hourly 
barograph readings were averaged in groups of 24 hours. Of these daily mean) 
data, those corresponding to periods of great geomagnetic disturbance were: 
discarded as well as those corresponding to days on which the sounding balloo 


at the meteorological station failed to reach an altitude of 16 km., so that thei) 


correlations of cosmic rays with the heights of different pressure-levels up to this | 
| 
| 
{ 


limit will be entirely comparable. 
The following table gives the values of the partial correlations for the pressure- 
levels which have been chosen. 


Table 1 


eePartzal 


Pressure-level ; ’ 
correlation coefficient 


75 mm. Hg (16:1 km.) —0-67 
113 Bm AURSICSy, =. 5)) —0-54 
188 Sy ORS) —0-32 
375 % (Ou) —0-30 


The gradual increase of the correlation with height shown by the tabla. 
proves that it is not the temperature near the ground, or at least that this is not the l 
only factor, which is responsible for the temperature effect of cosmic rays, sinc¢ ; 
the influence of this temperature on the height of a certain pressure-level decrease ! H 
with the mean height of this pressure-level. On the other hand, the significancif}) 
of the value — 0-67 for the correlation between cosmic rays at a constant pressur} 
and the heights of the 75-mm. pressure-level can be taken as confirming the vievf), 
that a part of the variation of the intensity of the cosmic radiation at ground-leve| 
may be explained by spontaneous disintegration of mesons in the atmosphere. — 

In order to check these results by means of other experiments, we may assumi}, 
that mesons originate at this pressure and write the regression equation 


C-C,,=(B-B,,) +p(H-H,,), 


where C, B and H are the number of cosmic rays, barograph readings and height 
respectively, and subscript m refers to mean values. Clearly «1 represents t 


— 
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true absorption coefficient in air, and ju’ the mean rate of decay of mesons. By 
solving this equation in the usual manner, we find (Duperier, 1944) for the first 
coefficient 4 =2-28% per cm. Hg, a value which is practically the same as the 
value that can be deduced from the measurements by Ehmert ( 1937)*ot the 
absorption curve in water. 

For the mean rate of decay of mesons we obtain p’=5-4% per km. This 
coefficient is the reciprocal of the so-called mean range of mesons before disin- 
egration, and is related to the lifetime of mesons when at rest, 7), by the very 

ici, 


well known equation pu’ = Tia wee where M is the rest mass and E£ the energy 
0 


of the mesons. If we assume that the mesons with which we are concerned have 

1 mean energy of 3 x 10° ev., and take MW equal to 200 times the mass of an electron, 

we have t)=2-1 x 10-6 sec., which is of the same order of magnitude as the values 

‘ound in other modern experiments, which generally vary between 2 and 

pe< 10-* sec. 

_ These results suggest the possibility of applying the cosmic-ray records at 

‘he ground to foretell the daily mean height of the 75-mm. pressure-level 

ind thence, by means of the hypsometric formula, the mean temperature of the 

air up to about 16 km. The calculation of the height would be made as follows: 


e220 Observed Heights R 
o-0-0-0 Calculated Heights. 


“15-6 


1 10 JANUARY Bo FEBRUARY 1945 
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Daity MEAN HEIGHTS OF THE 7:°5 CM.H6. PRESSURE - LEVEL 
JANUARY 15° — FEBRUARY 167. 1945. 


Figure 1. 


Ne should first reduce the daily average cosmic-ray intensity to a constant pressure 
y making use of the true absorption coefficient. ‘Then the percentage departures 
'f these averages from the mean value divided by the mean rate of decay of the 
nesons would give the fluctuations in height of the pressure-level. 

Figure 1 enables us to compare the heights as calculated in this manner with 
he actual heights as observed with sounding balloons for the period 1 January to 
6 February 1945. The computation of the above coefficients had been made 
sng before. The open double circles indicate the days on which a geomagnetic 
isturbance was recorded at Abinger. As the diagram shows, the correspondence 
etween the two curves is, on the whole, striking, but on days of magnetic activity, 
nd on the immediately preceding or following days, the discrepancies are both 
onsiderable and irregular. We should therefore run the risk of making a grave 
rror in trying to foretell the mean temperature of the atmosphere overhead 
-om the variations of cosmic-ray intensity at the ground. 


468 Arturo Duperier 


However, as we shall see later, there is now some evidence that these cosmic- 
ray disturbances at periods of magnetic activity are of a world-wide character, 
having probably the same value at points on the same geomagnetic latztude.. 
If this is so, the difference between the cosmic-ray intensities at two stations in a 
narrow zone of latitude, by eliminating the superimposed disturbance, would 
give a measure of the difference in temperature of the atmospheres over the}} 


. . . 
two stations. Clearly, if the temperature of the atmosphere at a certain place) 


was known by observation, it would be possible to determine the fempera at 
of the atmosphere at all points in a narrow zone of latitude within which cosmic-j} 


ray records were being made. For this, it would, of course, be necessary for alll} 
the recorders to be sufficiently stable to give consistent results. 


§3. DIURNAL VARIATION 


Besides the annual variation in cosmic rays which results from the effect of H | 
the thermal expansion and contraction of the atmosphere on the number of 


mesons reaching ground level, records show an appreciable change in cosmic}) 


radiation with the time of day. This solar diurnal variation in intensity has beeni | 
measured by many observers, generally by using lead-shielded ionization chambers,}} 
and the results see in giving a maximum intensity around noon with an ampli 
tude of about 0-2%. It has been also found, in particular by Thompson (1933) 
from the extensive measurements made by Compton and Turner during a yeat | 
on the Pacific Ocean between latitudes 50° N. and 40° S., that both the amplitude} | 
and phase are independent of the latitude. 
The fact that the maximum intensity has always been found to occur at | 
about midday proved, without doubt, that the temperature effect cannot bef) 
responsible. "The change in height of the meson-producing layer due to thafi 
daily variation in temperature, if appreciable, would give rise to exactly the oppo} 
site fluctuation. Hess (1936) pointed out the possibility of the existence of 
component of cosmic radiation coming directly from the sun. Later Vallartdf 
and Godart (1939) gave a theory based on the effect on primary cosmic rays of 


| 


magnetic field at the surface of the sun of the required magnitude to preve 1 


cosmic-ray particles of less than 2x 10* ev. energy from reaching the earth 
By assuming that the positively charged particles of the incoming radiation wer : 
in greater number than the negative ones, these workers found a diurnal variatiod| 
at latitudes higher than40° vith the maximum occurring during the early afternooriff 
in agreement with the observed curve. If the ratio of positive to negative particle) 
is taken as $, the amplitude also agrees with the measurements. For latitudef 
lower than 40°, Vallarta and Godart found that the effect of the sun’s magnetil 
field became negligible. More recently, Janossy and Lockett (1941), afte 
analysing the effect on primary cosmic rays of different hypothetical heliomagneti] 
fields, came to a similar conclusion—that the diurnal variation at 45° latitude ca! 
be accounted for by assuming a magnetic field at the surface of the sun. The! 
found also that the amplitude of the diurnal variation must be least in autumn an. } 
spring and greatest in summer and winter. it 
When the harmonic analysis of the observed curves is made, however, th 
results of different investigators are not always in agreement. It is found tha} 
there is a significant 24-hour wave with an amplitude of about 0-2%, which li 
approximately the same in all cases, though the time of the maximum can vai) 
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by as much as eight hours from one station to another. In the same way, 
| the possible existence of a 12-hour wave with an amplitude of about 30% that 
| of the first harmonic is not excluded by some investigators. Forbush (1937) 
| thought that the variations of the 24-hour wave might be due to variations in 
} gamma radiation with locality. According to him, Wait has obtained results 
| indicating the possibility of a daily change of ionization in the air due to gamma 
) radiation, with a maximum at about noon. In passing through the 12-cm. lead 
shield the gamma rays would produce ionization inside the chamber which would 
H give rise to an additional wave having an amplitude one-third that observed in 
cosmic rays. 

I should like now to present the results, not yet published, that I have obtained 
at the Imperial College concerning the diurnal variation of cosmic-ray intensity 
| by using the data for the period May 1941 to April 1944. The data for days 

of great geomagnetic activity have been discarded. Figure 2 shows the average 
_ hourly numbers of threefold coincidences, or cosmic-ray particles, as percentages 
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Figure 2. 


of the mean. As the total number of coincidences recorded for each hour of 
_ the days within three years amounts to about 24 millions, the statistical fluctuation 
has the very small value of 0-02%. ‘he box which contains the set of Geiger- 
- Miller counters is kept at constant temperature by thermostatic control. The 
electric clock of the recorder has been compared with a chronometer at intervals 
_ of a few days over a period of several months, and no systematic difference between 
day-time and night-time has been found. ‘The variation shown by the diagram 
can therefore be considered as physically real. Figure 2 also illustrates the 
average daily variation of pressure in mm. Hg obtained from my hourly readings 
during the same days of the three-year period. 

The harmonic analysis of both curves gives, for the 24-hour wave, 


BY (é—17-3) % ; Pressure 0-14 cose (t— 4-0) mm., 


Cosmic rays 0-25 wee 


24 
where ¢ is the solar time in hours. 

Owing to the additive property of harmonic coefficients, to correct for air 
mass absorption we subtract from the vector representing the observed 24-hour 
wave in cosmic-ray intensity that corresponding to the same harmonic in pressure 
after multiplying the latter by the absorption coefficient —0-23°% per mm. But 
there still remains another correction to be made for pressure. We have to 
remove the effect on cosmic-ray intensity at ground-level of the change in height 
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of the meson-producing layer which is in phase with the barometric variation. 
If we assume that the relative pressure change, 5p/p, at the height of 16 km. is 
the same as that at the ground, the amplitude of the vertical motion of the layer 
would be only 1-5 m., and the cosmic-ray intensity at ground-level would change 
by less than 0-:01°%. If, as is believed, the 24-hour variation of the barometer, | 
which has its minimum at 4 p.m., is mainly the result of lateral flow of air from | 
wariner towards cooler regions of the atmosphere, there is no reason to expect 
greater relative pressure change at 16 km. than at the ground. Quite probably, 
therefore, the 24-hour wave in pra intensity after correcting completely 


ait 17-3)%. 


With regard to the effect of sate temperature change, the examination of | 


for pressure would be 0-22 cos 


upper-air data obtained in England in the last few years by sending up sounding | i] 


balloons every six hours shows that the height of the 75-mm. pressure-level is, | 
on the average, appreciably greater at noon than at other hours. This is to be 


expected, since it is known that the temperature of the lower stratosphere is mainly |}} 
controlled by radiation from the earth. We must clearly have a 24-hour wave ||} 


due to temperature with the minimum at about noon in the observed variation of | 


cosmic-ray intensity. I am not in a position to-day to give you the exact average |]} 


value of the amplitude of this wave, but it seems to be of the order of 0:1% or 
rather less. It is easy to see that after correcting for this temperature effect, 
the maximum of the final 24-hour wave in cosmic-ray intensity will occur earlier | 
in the afternoon and be greater than the observed maximum. 

In order to determine the influence of the position of the earth in its orbit, 
the data have been averaged for the four-monthly seasons, December solstice, 
June solstice, Equinoxes. Table 2 contains the results obtained for the 
amplitudes and times of maximum of the 24-hour wave corrected for pressure. 


Table 2. 24-hour wave in cosmic-ray intensity corrected for pressure 


Amplitude |'Time of maximum 


% h 
Dec. solstice O22 15-9 
Equinoxes 0-18 16:7 
June solstice 0-32 18-5 


As the table shows, the time of the maximum is gradually delayed as we pass 


rom cooler to warmer months and the effect of temperature becomes greater. 
Had this effect been eliminated, it is quite probable that the time of the maximum. 
would have been the same and would have been nearer to noon for the. 


three seasons, in keeping with the theoretical resultof VallartaandGodart. Another | 


interesting feature is that the amplitude at the solstices is greater than at the| 


equinoxes, in qualitative agreement with the calculations of Janossy and Lockett, | 


already quoted. 
As, moreover, the gamma radiation is not effective in producing coincidences 

in my apparatus, these results for the 24-hour wave, after correction for meteoro- 

logical influences, may be taken as supporting the view that one part of the diurnal | 
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variation of cosmic-ray intensity is due to the effect on the primary particles of a 
magnetic field at the surface of the sun. The possibility, however, of explaining 
the 24-hour wave in cosmic-ray intensity as an effect of the earth’s magnetic field, 
as suggested by Gunn (1932), cannot be excluded. 

The harmonic analysis of the triennial curve reveals the existence also of a 
physically significant 12-hour wave. This wave is given below, together 
with the semi-diurnal barometric oscillation from my barograph readings. 


360° 


Cosmic rays 0-18 cos 2 (¢—15-2)% ; 
Pressure 0-22 cos a (¢—10-2) mm. 


As we see, they are within one hour of being opposite in phase. 

As before, to remove from the cosmic-ray wave the total effect of pressure we 
should have to know the amplitude of the vertical motion of the meson-producing 
layer, which isin phase with the barometric oscillation. If it is assumed that the 
relative pressure change at the 16 km. level is the same as at the ground, that 
amplitude would not be greater than 2-5 m., but if we take into account that the 
solar semi-diurnal oscillation of the atmosphere is partly tidal in character, 
then the vertical displacement with which we are concerned might prove to be 
greater. 

I may perhaps remind you that this oscillation, which appears all over the 
world with a contant phase and a regular variation of amplitude with latitude, 
seems to be excited tidally and thermally by the sun. Its large magnitude is 
considered to be due, as Kelvin suggested, to magnification by resonance, the 
atmosphere having a natural mode of free oscillation of period very near 12 solar 
hours, as shown by Pekeris (1937), when a certain vertical distribution of air 
temperature is assumed. 

In developing this theory, Pekeris finds that the vertical motion of air particles 
due to the solar barometric oscillation is in phase at all levels with the change 
of pressure at the ground. Later on, he calculated the magnitude of the vertical 
displacement of an air particle in the ionosphere at the equator (see Appleton and 
Weekes, 1939) and found that at 125 km. it should be of the order of 1-45 km. 
The equivalent displacement for an air particle in the ionosphere over London 

should be, taking into account the variation in barometric oscillation with latitude, 
323 m. 

Experimental evidence on the possible magnitude of the increase of the vertical 
motion of air particles with height is provided by the results of Appleton and 
Weekes (1939) relating to variation with time of the equivalent height of the 
Kennelly-Heaviside layer. They found a lunar tide in this layer which is in 
phase with the lunar barometric oscillation at the ground, as found first by Chap- 
man, and 7000 times greater, the amplitude of the tide in the Kennelly-Heaviside 
layer being of the order of 1 km. 

It seems reasonable therefore to attribute to the layer at 16 km. a vertical 
displacement of amplitude greater than 2-5 m. In order to form an idea of the 
effect of a greater motion of this layer on the cosmic-ray intensity at the ground, 
let us assign to it an amplitude of only 22 m. in contrast to the 323 m. found by 
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Pekeris for the ionosphere. ‘Then, by applying our value for the rate of decay 
of mesons, and allowing for the air mass absorption, we should find that the semi- 
diurnal variation of cosmic-ray intensity would be entirely accounted for by the 
motion of the meson-producing layer due to the barometric oscillation. Assuming 
this is so, if the 12-hour wave in cosmic rays were merely an effect of the 12-hour 
wave in atmospheric pressure, we should expect the seasonal changes of the | 
two semi-diurnal variations to follow each other closely. Now this is in fact 
what my results reveal. Table 3 enables us to compare the amplitudes and | 


times of second maximum of both waves for the solstices and the equinoxes. 
Table 3 
Amplitude Time of second max. | . 
Ie Calne iP GER: 
mm. % h h 
Solstices 0-21 0: 16 10-2 15°; 
Equinoxes 0-25 0-22 10-1 14:7 


As the table shows, the amplitudes, within the limits of accuracy of the observa-|}} 
tions, are closely correlated and the phases remain constant. Hi) 

It may be that mesons are generated at a greater height than 16 km., as sug- | 
gested by the results of the experiments of Schein, Jesse and Wollan (1941). 
If this is so, it would be an additional reason for concluding that the semi-diurnal lf} 
variation of cosmic-ray intensity at ground-level can represent the barometric}]) 
oscillation in the region of the atmosphere where mesons are formed. In this}, 
connexion it would be interesting to see whether the moon has an appreciable}! 
influence on cosmic rays. 

As the barometric oscillation is greater at lower latitudes, we must expect the 
magnitude of the semi-diurnal change of cosmic radiation to vary in the same} | 
direction, though the longer lifetime of mesons as we approach the equator tends} 
to offset the effect. 

Unfortunately I cannot compare my results with those of other workers, | 
since it has been the practice to analyse the data after correcting them for pressure| | 
by using the so-called barometric coefficient. 


§4. WORLD-WIDE CHANGES | 


In the last decade many investigators have reported certain effects on cosmic-#f_ 
ray intensity during great magnetic storms. The most notable of these effectsif, 
is a decrease of a few per cent in the cosmic-ray intensity which is concomitant} 
with a decrease in the horizontal component of the earth’s magnetic field. | 

The magnetic storm of | March 1942 provides a most remarkable example! 
on account of the exceptional magnitude of the decrease and other features off, 
the storm effect on cosmic rays. At that time cosmic-ray recorders were inif) 
operation in various widely separated parts of the world, and a comparison of the}! 
results obtained reveals the world-wide character of the phenomenon. F igure 
illustrates the changes of the bi-hourly mean number of cosmic rays expresse 
in percentages of the pre-storm value, as observed in London. The data, reduce 
to constant atmospheric pressure, were obtained with the coincidence arrangement | 
mentioned previously. ‘The diagram indicates that the regular decrease began! 


ee 
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shortly before the onset of the magnetic storm, and reached the unusually high 
value of about 11%. After the first rapid recovery of about half the initial drop, 
which nearly coincided with the end of the storm, after midnight, the recovery 
was very slow, probably owing to the various geomagnetic disturbances which 
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Figure 3. 


This diagram differs from that published at the time (1942) in that bi-hourly means are used 
now to facilitate comparison with the diagrams published later. 


took place during the following days. Other features worth noticing are the 
increase on 28 February and the much greater one on 7 March. Increases as 
large as that of 7 March seem to be quite exceptional. 

Figure 4 shows the diagram, as given in a note by Lange and Forbush (1942), 
of bi-hourly changes in cosmic-ray intensity at Godhavn (Greenland) in geo- 
magnetic latitude 80° N., Cheltenham (Maryland) in geomagnetic latitude 50° N., 
and Huancayo (Peru) in geomagnetic latitude 0-6° S. during the same magnetic 
storm. At each of these three stations the data were obtained with Compton- 
Bennett meters protected by a 10-cm. lead shield. [In the same note, another 
diagram is given representing the bi-hourly changes, during the same storm, at 
Christchurch (New Zealand), and this reveals precisely the same features.] 
The very striking similarity of the simultaneous changes in cosmic-ray intensity 
at the three stations and London proves the world-wide character of the pheno- 
menon beyond doubt. Apart from the smaller value of the increase on 28 
February in London, the only outstanding discrepancy is the non-occurrence 
at Huancayo of any of the increases on 28 February and 7 March, which took 
place simultaneously at all the other stations. ‘This particular result seems to 
suggest that the new particles responsible for both increases were unable to reach 
the magnetic equator, and, therefore, their energy was within the energy range 
which is sensitive to the magnetic field of the earth. Instead, the magnitude of 
the drop, within the limits of accuracy of bi-hourly means, is roughly the same 
at all stations, though owing to the fact that the altitude of Huancayo is 3350 metres 
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and that of the other stations is less than 100 it is not possible to say whether any 
variation of the drop with latitude exists. | 

The solar phenomena which preceded the onset of this storm were in some | 
respects exceptional. As reported by Newton (1942), a great sunspot crossed | 
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the solar disk between 22 F oy and 7 March. The maximum area of the | 
spot was 2000 millionths of the sun’s hemisphere. A very extensive and brilliant |} 
eruption was observed over the umbra of the great sunspot nineteen and a half | \) 
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hours before the beginning of the storm. This eruption appears to have been of 
exceptionally long duration. 

Judging, however, from the magnitude of the range in the horizontal magnetic 
force, H, of 512y, the magnetic storm was not as intense as some others which 
have been accompanied by a much less violent disturbance in cosmic-ray intensity. 
To give an example, the range in H of the great magnetic storm of 4 July 1941 
was, from the Abinger traces, about twice the range of the storm of 1 March 1942. 
Nevertheless, no appreciable effect on cosmic-ray intensity was shown by the 
records obtained in London for the 40-hour period following the abrupt com- 
mencement of the storm at 3" 42™ a.m. of 4 July. Only at the end of this period, 
when the storm was over, did a decrease begin, and even then it was very small 
(less than 394). But as another, though moderate, storm occurred a few hours 
later, on 6 July, it is possible that this small decrease was associated with the 
second disturbance rather than with the first one, and if so, the conclusion would 
be that the great storm of 4 July had no effect on cosmic radiation. Forbush 
(1938) has reported the case of the magnetic storm of 21 August 1937, during 
which no effect was detectable in the cosmic-ray records of Cheltenham (U.S.A.), 
Teoloyucan (Mexico) or Huancayo (Peru). However, all observers agree that 
the ratio of the relative change in cosmic-ray intensity to that of the horizontal 
component, while being always positive, differs in different storms. 
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When smaller changes in cosmic-ray intensity which cannot be explained as 
being due to meteorological influences are considered, the observations made in 
London show that they are also more or or less closely associated with variations 
of the geomagnetic field. These fluctuations generally occur simultaneously 
with, or within a short time of, the fluctuations in the magnetic field of the earth, 
but as in the case of magnetic storms, the two variations may be of quite different 
magnitudes. The magnitude of the changes in the daily means of cosmic-ray 
intensity associated with these minor geomagnetic disturbances only rarely 
proves to be greaier than 2% of the mean value. In this regard, however, a 
decrease of a very exceptional order of magnitude was observed in London 
on 27 March 1945. Figure 5 shows, in percentages of the mean value, the 
hourly change of cosmic-ray intensity, reduced to constant pressure, for a period 
of a few days around 27 March 1945. Within the limits of accuracy of hourly 
observations, the decrease of about 8°% indicated by the diagram, which was not 
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associated with a magnetic storm, is, as far as I know, unprecedented in all records 
of cosmic rays. According to information given by the Royal Observatory, 
nothing abnormal was observed either in the magnetic activity or in the solar | 
phenomena during that period, although a comparatively slight magnetic dis- | 
turbance was recorded at Abinger, chiefly on the day preceding that of the decrease | 
in cosmic-ray intensity. A sunspot, but only of the moderate area of 750 millionth | 
of the sun’s hemisphere, crossed the central meridian on the 27th after midnight. | 
The complexity of these phenomena is evident. 
These fluctuations in cosmic-ray intensity associated with magnetic or solar | 
activity should be considered as taking place simultaneously all over the world. 
Striking evidence that the world-wide character of variations in cosmic radiation | 
is not confined to periods of great magnetic storms has been given by Forbush | 
(1939). He made the analysis of the data obtained at five widely separated stations | 
and found that after eliminating a seasonal wave of a 12-monthly period which 
appeared at each of the stations except at Huancayo, there existed a very close | 
correspondence between the remaining curves for all stations. | 
In addition, we have the finding, first reported by Hess and Graziadei (1936), | || 
of a 27- aa periodicity in cosmic-ray intensity associated with the mean period i 
of the sun’s rotation relative to the earth. These results, therefore, can be taken | | 
as giving strong evidence that all appreciable changes at ground-level in cosmic | 
radiation other than meteorological are of a world-wide character. I 
To account for these world-wide variations, some investigators, following if} 
Chapman (1937), think they may result from the formation or fundamental} 
alteration of a system of westward currents concentric with the earth flowing in} | 
the high ionosphere or in the outer space, due to the emission of electric particles. 
from the sun at the time of a geomagnetic disturbance. The magnetic field of 
this current-system superimposed on the earth’s dipole would give rise to a 
decrease of the magnetic force in the regions inside and to an increase outside the |] 
current. Then the number of incoming particles reaching the earth might be. | 
reduced, according to the theory of Lemaitre and Vallarta, and the main phase of 
the phenomenon, particularly in the case of magnetic storms, would be explained. | 
If by means of this theory it is possible to account for the diversity of phenomena. 
observed, we shall have to wait, as Forbush has pointed out, until the difficult ' 
probiem of determining the paths of cosmic-ray particles in the field of the earth’s | 
dipole and the system of westward currents has been solved. 
There is no doubt that the relation between cosmic rays and magnetic activied| | 
presents a very complicated problem. But I am convinced we shall not be dis- |] 
couraged by the difficulties involved in its solution. For when we have solved || 
them we shall know more not only about cosmic rays, but also about the complex’ 
phenomena of geomagnetism. 
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ABSTRACT. The variation with temperature of the a and c¢ unit-cell dimensions of 
hexagonal Ceylon graphite has been measured over the temperature range 15°-800° c. by 
the X-ray powder method. At 14°-6c., 


a=2-4562+0-0001 kx. c=6-6943-+0-0007 kx. 
The carbon-carbon bond length, 
C—C=1-4210+0-0001 a. 
The a dimension shows a slight contraction up to about 400° c., a small expansion 


occurring above this temperature. ‘The thermal expansion in the c direction is large ; 


> 


the average value for a over the temperature range is 28-3 x107-*. The complex nature 
of the expansion in both directions is discussed qualitatively. 


Sala O ID WiC @is) 


sTUDY of the thermal expansion of graphite is of interest for two main 
reasons. he first is the need for extending our knowledge of the 

solid state in the field of anisotropic crystals ; the second is the importance 

of precise information concerning the effect of heat on elementary carbon in con- 
nection with the technological processes of carbonization and coking. ‘The 
x-ray method is the only suitable one for an investigation of this character. Other 
methods, the results of which are summarized in §2, are not able to do more than 
measure the mean linear expansion of the crystal. Such information is of little 
significance thermodynamically, the essence of the problem being the anisotropy 
of the structure. The work reported here shows how valuable a tool x-ray 
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diffraction methods can be in measuring the effect of temperature on such} 


structures. | 
§2. PREVIOUS WORK | 


Previous x-ray work comparable to ours has been carried out by Backhurst} 


(1923) in the course of an investigation of the variation in intensity of x-ray| 


reflections with temperature. He measured with the ionisation spectrometer} 
and molybdenum radiation the shift of the 0004 reflection (called by him 0001)| 
on heating from 17° to 870° c. In this way an average value over this range}f 
of 26-7 x 10-® was derived for «, the coefficient of linear expansion in the c} 
direction.* This value is somewhat lower than the average value of 28-3 x 10-° 
found by us. He did not measure the coefficient in the a direction, «,, but} 
surmised that a contraction and not an expansion might occur. 

Hirata (1931) has investigated the behaviour of carbon in an incandescent| 
arc at a temperature of about 4000° c. Even at this temperature, no measurable} 
expansion in the a direction occurred, but by observing the shift of the 0002f 
reflection (with copper radiation) he derived these average values for « over} 
this large temperature range : 

a = 39-1 x 10-6 assuming a temperature of 4200° c. by measurements of 
surface brightness. 


o|, =45-1 x 10-6 assuming an average temperature of 3700° c 
The thermal expansion of graphite has also been measured by various other | 
methods, and the following values have been recorded : 


Expansion coefficient Temperature (°c.) | 

1 

: 7-86 x 10-8 40° 1) 
Fizeau (1869) | 7.96 x 10-8 50° f 
Muraoka (1881) 3-8 x10-¢ 26° to 302° 
Day and Sosman (1912) 0°55 x 10-8 +3-2 x 10-% 0° to 1800° / 
Hidnert and Sweeney (92 =aee eee 20° to 600° 
3-7 x 10-8 1 

HW 

| 2-34 x 10-8 —195° to —183° 
PBUOUSCEEY) 6-695 x 10-8 +20° to +40° 
Dewar (1902) 7:33 X 10-8 (vol. coeff.) | —190° to +17° | 
| 


In no case was a single crystal of graphite used. As the specimens S| 
consisted of aggregations of small graphite crystals variously oriented, the values } I 


can only refer to the mean coefficient of linear expansion &. Ina hexagonal crystal} 4 
H Yi 


ee 
a= zeal ar 3 Hl 
and, using our data, 8x 10-* at 20°c. Several of the values are much tool] | 
low and probably refer to the expansion of the aggregated solid as a whole rathe | 
than to the expansion of the individual crystals. It is interesting that Fizeau,| 
| | 


* 'The symbols a\ and a, refer to the coefficients of linear expansion parallel and perpendicula | } 
to the hexagonal axis. H | 
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ho was the first to measure the thermal expansion of graphite in the course 
f his classical researches, was also responsible for the best value of &. 

The work of Erfling requires specialcomment. Employing an optical method, 
e attempted to measure «, by taking care to orient the crystals in the specimen. 
n spite of his precautions Erfling must have been measuring the mean coefficient 
f expansion. His value of 6-695 x 10-8 at 20° to 40° c. is probably a low value 
or & ; it is much too large to be «1, which we have found to be a small negative 
uantity over this range. 


S37, APPARATUS 

The camera used was the high-temperature 19 cm.-diameter powder-camera 
escribed by Wilson (1941). The camera angle 0, for this instrument has 
een carefully determined by Wilson and Lipson (1941). The use of this camera 
1 the determination of accurate unit-cell dimensions had been previously investi- 
ated (Nelson and, Riley, 1945). The method of measuring the temperature 
f the specimen was essentially that of Wilson. We found, however, that the 
nelting point of aluminium filings did not provide a satisfactory high-temperature 
alibration as the aluminium reacted with the silica capillary in which it was 
ontained. Antimony (Hilger H.S.), with a melting point of 630°-5 c., was used 
nits place. It can be said that the error in temperature measurement did not 
xceed + 1° c. at the highest temperature investigated and was certainly less than 
his at the lower temperatures. 


§4. PREPARATION OF THE SPECIMEN 

Some difficulty was encountered in obtaining a specimen of graphite which 
ombined high purity with the ability to give the sharp diffraction lines necessary 
or accurate measurements. 

An examination of powder photographs of available graphites (‘“‘ Kish”, 
icheson, Mexican, Bavarian, Travancore, Ceylon) showed that the Ceylon 
pecimen gave the sharpest lines, although the purity was not of the highest 
4°, ash). It was felt, however, that purification by the usual chemical treat- 
nents (boiling with NaOH, H,SO, or HF solution) was to be avoided because of 
he ease with which graphite forms complexes which show an appreciably altered 

dimension. The Ceylon graphite was therefore chosen in spite of its low 
urity. ies 

After reducing the material to pass a 300-mesh B.S.S. sieve, several silica 
apillary tubes of bore approximately equal to 0-05 cm. and a wall thickness of 
-003 cm. were filled. It was thought advisable to remove traces of adsorbed 
ases by heating to about 850° c. during the evacuation of the filled capillaries. 
Iowever, as soon as even gentle heating was applied to them, the graphite powder 
yas completely swept out, presumably by gases released during the heating. 
“his made it necessary to heat the powdered graphite in bulk in a large-bore 
1-5 cm.) continuously evacuated silica tube. Heating for 30 minutes at approxi- 
rately 850° c. was found to be an ample treatment for completely removing — 
he gas. Photographs of the graphite taken in an ordinary powder camera 
howed that the only extra lines discernible, besides those due to a small amount 
f the rhombohedral modification of graphite, were those of Fe;O, in the heat- 
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treated material and hydrated Fe,O, in the untreated. It seems fairly certain, 
therefore, that the evolution of gas is connected with the reaction 


3Fe,03 + C>2Fe,0,+ CO 


together with the evolution of water vapour. 

No trouble was encountered in evacuating, heating and sealing off the capil- 
laries after heat-treatment. The sealed-off capillary with the smallest bore and 
thinnest, most uniform wall thickness was selected for the exposures, which wer 
made in order of descending temperature. Its bore, as measured by a microscop : 
ocular micrometer, was 0-048 cm. and the wall thickness 0-0025 cm. 

Subsequent precision measurements of both the @ and c dimensions of the 
heat-treated and untreated graphites at room temperature were in excellent 
agreement. It would appear, therefore, that the impurities present (chiefly 
oxide of iron) have no influence on the measurements as they simply form 
mixture with the graphite itself. 


coh) 


$5) DHE X-RAY PHOTOGRAPUS 


X-ray photographs were taken at the following temperatures : 14°-6, 150° 
300°, 450°, 600°, 700°, 800° c. | 

The temperature fluctuation during the exposure was greater the highei} 
the temperature, but in no case did it exceed +0°-5c. The photographs wer 
taken with unfiltered manganese radiation with exposures of about 200 ma. hrsif/ 

The high-angle portions of the x-ray photographs are reproduced in figure 1 
Even a qualitative comparison leads to some interesting conclusions. Th¢ 7 
hki0 reflections (1120 and 2020) do not move with change of temperatur 
while the 0006 doublet moves towards the low-angle end of the film quite marked] 
with increasing temperature. It can also be observed with the kil reflection} 
that as the / index increases (1122, 1124, 1015), the rate of line shift with tempera. 
ture also increases. ‘The thermal expansion of the lattice is clearly anisotropi 
the expansion occurring along the c axis. It should be noted that, at 15° cll 
the 553 doublet of Fe,O, is practically coincident with the 1124 8 line of graphit 
Resolution is effected at higher temperatures due to the different therm 
expansions. 

Another effect which is clearly visible concerns the relative intensities of th 
diffraction lines. The relative intensity of the 0006 reflections compared with thi) 
intensities of the /kz0 reflections (1120, 2020) shows a progressive diminution witl 
temperature. This fading of the 0006 line is due to the large amplitude of therm 
vibrations perpendicular to the layers, and obviously is in agreement with th. 
pronounced anisotropy of thermal expansion. The 1015 reflection shows |} 
similar effect because of the high / index. | 

There are also nine extra lines due to the FeO, previously mentioned, althoug! 
only one (553 doublet) can be seen in figure 1. The identity of this compouns 
was established by comparison of the interplanar spacings and intensities of th4) 
lines observed with that of pure Fe,O0,. To obtain the true cell dimensions, thi! 
calculated apparent length of the cubic unit cell was plotted against the =a 
cos?6 cos? 


in 6 6 


polation function 


for the four strongest lines on both the roo 1 
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>mperature and 800° c. films. The results are as follows : 


‘Temperature (°c.) a (kx.) 
15 8-378 
800 8-475 


20 (pure Fe;0,, Wyckoff and Crittenden 1925) 8-37+0-01 


Mean linear coefficient of thermal expansion, 14-7 x 10-6 (range 15° to 800° c.) 


6. MEASUREMENT OF UNIT-CELL DIMENSIONS AND DERIVATION 
OF EXPANSION COEFFICIENTS 


The best radiation to use (manganese) gives the 2020 «-doublet at @=80° 
» 81° and the 0006 «-doublet at 670° at room temperature. These angles, 
ad particularly the latter one, are not as high as is desirable in precision measure- 
ents, but it is impossible to effect any improvement in this case by change of 
-ray wave-length. Hence, particular attention had to be paid to the extrapolation 
rocedure adopted. 

Work described elsewhere (Nelson and Riley, 1945) has shown that a reliable 
near extrapolation is obtained down to 630° if the unit cell dimension under 
cos*@- ‘cos*é 
sind’ 0 
y the 0004 (0 =38°-9 at room temperature) and 0006 reflections were therefore 
lotted against this function. A linear extrapolation to f(@) = 0 gave the c value 
uoted for each temperature. As the extrapolation lies through only two points, 
e accuracy claimed is mainly dependent on the suitability of the function of 6 
sed in the plot. We have assigned an error of about one part in 10,000 to the 
values derived in this way. The 0004 lines were accompanied by a weak satellite 
1e on all the films. This feature was shown to arise from a preferred orientation 
the graphite crystals in the specimen. ‘The effect of this on the accuracy of 
e determination of the c dimension has already been discussed (Nelson and 
ey, 1945). 

In order to obtain the best value for the a dimensions at each temperature, 
e apparent a values derived from the following lines were plotted against 


Be0  cos?@ | 
a! 2020 ox, a9. 
1120 4, &», B. 
1010 «, . 
At room temperature, the @ values for the 1010 « and f lines were roughly 
°.6 and 26°-6 respectively. We did not assign them much weight in the extra- 
lation, but they serve to confirm its general trend. ‘The error assigned to any 


ren a dimension is approximately one part in 25,000. The refraction cor- 
tion for a or c is negligible in comparison with the probable experimental 


ynsideration is plotted against The apparent c dimensions given 


‘or. | 

The values derived for the c dimensions at the various temperatures are given 

table 1. A plot of c against temperature gives a smooth curve deviating only 
33-2 


482 ¥. B. Nelson and D. P. Riley 


slightly from linearity. An expression in ¢ and #? was adopted to represent’ 
this curve, and the results were analyzed by the method of least squares. The) 
best-fitting relation was found to be 

c=6-6915, + 180-70 x 10-%¢+ 12-63 x10-°#?, sw. es (1) 
where t is expressed in °c. and c in kx. 


Table 1. c dimensions of graphite at various temperatures, in kx 


‘Temperature Difference 


(°c.) Observed Calculated (calesone) 
14-6 6:6943 6°6941., —1:2x10-4 

150 6°7185 6-7189, +4:3 

300 6:7474 6°7468 —5:2 

450 6:7752 6°7754, +21 

600 68046 68045, —0:9 

700 6-8240 6-8242, +2:2 

800 68443 6°8441, —1-2 1 | 


The values of c calculated from this equation are also given in the table.]} 
The deviations between the calculated and observed values are too large for 
equation (1) to be considered a satisfactory expression. ‘The mean deviation is 
2-4 x 10-4, and c is therefore expressed with an average accuracy of only one pa: 
in 2800, whereas the observed values themselves are accurate to about one pa 
in 10,000. That the assumption of a parabolic expression for c is not justified] 
is confirmed by examining the variation with temperature of the expansio | 
coefficient. Equation (1) leads to the following linear expression for the coefficientif} 
pale 

ChOle 


a, = 27-00 x 10-§ + 3-05 x 10-% 
from the experimental data in figure 2. 


30 


nS) 


X, 10) 
28 


Ht 


O 200 400 °C 600 800 1000 


Figure 2. Comparison of observed aj values with the best linear representation 


These values of «, were derived in the following way. From the valu | 


C1, Cz, Cz of the c dimension at neighbouring temperatures t,, ta, ts, two extrem! | 
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values for = at the middle temperature t, were obtained. The mean of these, 
divided by c,, was taken as the best value of «) = - = 
Owing to the large values of At involved, this derivation of a, cannot be very 
accurate and, in particular, it is impossible to judge its course at either end of the 
temperature range. 

It would appear from figure 2, however, that the temperature variation of «) 
is of a complex form and is only approximately represented by a linear expression 
inz. A more exact representation is derived on theoretical grounds in Part II. 
The average value for « over the temperature range is 28-3 x 10-. 

The measurements of the a dimension at the various temperatures showed 
that a shrinkage followed by an expansion occurred. In order to check this, 
the films were measured independently by each of us, and the best extrapolated a 
values are given in table 2. 


at the temperature ¢,. 


Table 2 
Temperature a dimensions in kx. 

(°c.) Measurement A Measurement B 

14-6 2:45626 2-45617 
150 2-45575 2-45564 
300 2:45570 DASSGS 
450 LADO, DAS Sid 
600 2°45574 DAO S74: 
700 2:45607 2-45602 
800 2°45613 2°45619 


It will be seen that the agreement between the two sets of measurements is 
good. ‘I'wo further checks were carried out in order to confirm the general nature 
of the effect. 

(a) In measurement A the 0 values for 2020 «, at 15° and 300° c. are 80°-419 
and 80°-499 respectively. The difference is therefore 0°-080 which corresponds 
to a line shift of 0-27mm. This distance lies outside the limits of error in observing 
line positions (+0-:10mm.). Therefore we conclude that there is a real change 
in angle and a real diminution in the a dimension. 

(b) The measured 6 values for the 2020 and 1120 lines were plotted against 
emperature for both sets of measurements, A and B. A general rise and then 
‘all in @ was observed, in accordance with the shrinkage and subsequent expansion 
of a. ‘This showed that the extrapolations could not be systematically in error. 


Rough values of the thermal contraction and thermal expansion coefficients 
‘an be derived from table 2, and are: 


Temperature range Oy 
0 tol50=c. Sesper: 
ca. 400° c. 0 


600° to 800° c. 0:9 .10-8 
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The a dimension first contracts and then expands. It reaches its lowest valuq} 
of approximately 2:4557 kx. at a temperature of about 400° c. 
The unit cell dimensions at 15° c. are 
a=2-4562+0-0001 kx; c=6-6943 +0-0007 kx. 
and the carbon-carbon bond length, expressed in A., is 
C—C=1-4210+0-0001. || 
We found no evidence that the rhombohedral modification of graphitd}} 


(Lipson and Stokes, 1942) has a different thermal expansion from that of thé | 
hexagonal variety. Our measurements, however, refer specifically to the latter. | | 


} 
I 
I 


| 
a 
| 


§7. DISCUSSION 
A qualitative explanation of the above results will be given first, in which Sy 
treatment of Griineisen and Goens (1924) (see also Roberts (1940)) of the thermal | 
expansion of hexagonal crystals will be followed. 
Graphite is a perfect example of a layer structure. Each layer consists of : | 
very large number of carbon atoms covalently linked to form what may be cont 
sidered to be a huge polynuclear aromatic macromolecule. Each layer is planar/]} 
or very nearly so. The carbon atoms within a layer are very strongly linked! 
the C—C distance being about 1:42 a. The bonding between adjacent layers) 
however, is weak, as is indicated by the large interlayer spacing of about 3-35 al 
It is probable that the interlayer forces are mainly of a van der Waals type} | 
although they may not be entirely so. The graphite structure is therefore ond 
of great anisotropy, and this will be reflected in all its directional physigl 
properties. | 
The elastic deformability parallel to the principal Z axis will be much largeafj 
than that perpendicular to it owing to the tighter interatomic bonding withi 
the layers. This may be written in terms of the elastic moduli as 533 >54;. 
Under the influence of temperature and of zero-point energy the atoms wil 
vibrate, and the limiting frequency »,,, for vibrations parallel to the axis will bal 
much smaller than for those perpendicular to it, v,,... The solid will thereford 


i 


p 
it 
\ 


| 


1 


possess two characteristic temperatures defined by these two limiting frequencies} 


O,= Brn,» | | 
O2= Bins | 
where = h 
k it 
h= Planck’s constant, k= Boltzmann’s constant | i 
and 0,,% ©,. | 


At low temperatures, quantum theoryrequires nearly all the thermal energy td i 
be absorbed in oscillations parallel to the axis because of the low value of @} | 
as compared with ©,. These oscillations will, therefore, have much the greateif! 
amplitude and the thermal expansion parallel to the axis, «), will be appreciable |f, 
whereas that perpendicular to the axis, «1, will be negligible. 

Thus the lattice is effectively being stretched in one direction only and af! 
lateral contraction (Poisson contraction), proportional to the modulus 5,5, wil} 
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accompany the stretching. At low temperatures, the lateral contraction will be 
greater than the small thermal expansion within the layers, and «, will therefore 
be negative. As the temperature increases, more energy will go into vibrations 
perpendicular to the axis, until a temperature T,,, is reached when the thermal 
expansion exactly balances the lateral contraction. At this temperature «, =0. 
Above this temperature the thermal expansion within the layers will increasingly 
outweigh the lateral contraction, and «, will be positive and increase with tem- 
perature. When this is the case an elastic contraction parallel to the axis 
( 543) will be contributed, which will have the effect of diminishing the rate of 
increase of «, and at a high enough temperature may cause « to diminish after 
passing through a maximum. The apparent flattening of the curve for graphite 
between 250° and 450° c. (figure 2) can be explained in this way. 

Griineisen and Goens (1924) observed with zinc and cadmium similar effects 
to those for graphite but at lower temperatures. Zinc and cadmium are hexa- 
gonal layer structures but their anisotropy is not so pronounced as that of 
graphite. ‘The data for the metal are compared with those for graphite in the 
following table. 


sur ee oS; 
Cadmium ca 45°. 214 160 
Zinc 8 80° kK. 320 200 
Graphite _,, 660° kK. 2280 760 


The values of © for graphite are those given by Magnus (1923). 

It will be noted that ©, for graphite is very much higher than for Zn or Cd 
as is the ratio ©,,/@,. It would therefore be expected that T,,, also would be very 
much higher. Gritineisen and Goens themselves suggest, when briefly discussing 
the implications of their work in the case of graphite, that this substance would 


have «, negative up to higher temperatures than does Zn or Cd. 
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ABSTRACT. A theory of the thermal expansion of hexagonal crystals is derived, and} 
shown to account quantitatively for the experimental data on graphite. Certain of the} 
elastic moduli for graphite are estimated, and are at 18° c. approximately : 


SitSie= 1°385c10>* em. /dyne 
SiS es 3 
S33 Byes) Se Oe ”> 
Hence the two linear compressibilities are, at 18° c., approximately : 
ky=—2-5 X 10-4 cm*/dyne ; «1, =50 X 10-18 cm?/dyne. 


$i NL ROD UGRION 

RUNEISEN AND GOENS (1924) derived a theory of the thermal expan- 
|} sion of hexagonal crystals at low temperatures which enabled them 

to correlate the expansion data for zinc and cadmium with the elastic|f) 
moduli and heat capacities. In order to achieve this for the experimental 
results for graphite described in Part I, a theory which is not restricted to low} 
temperatures must be used. The object of this paper is to derive such a theory) 
and apply it to the data for graphite. ‘The approach is somewhat more straight- | 
forward than that of Griineisen and Goens. In particular, the heat-capacity 
quantities used are more simply defined and are easily obtainable from the} 
experimental data usually available. 


§2. THERMAL EXPANSION OF HEXAGONAL CRYSTALS 
In expressing thermal expansion, the basic thermodynamic relationships are: 


(,--@ 
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C1) p22 ST NORaiae 


or 
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where V is the volume of the system, S the entropy, 7 the absolute temperature, 
and C,, the heat capacity at constant pressure. 


Integration gives 
OV EVOC No ad 
Vee (|S) == eae Ti ee 
“=(57),7~[, (sr), 


where « is the volume coefficient of expansion, the integration being performed at 
constant pressure. 

Analogous expressions hold for the two linear expansion coefficients in a 
hexagonal crystal (Voigt, 1910). In this case, the « and y axes are equivalent and 


ee eri se 1 /al, 
eS ep ieee Ol) e’ AUN eae hy it) 


where /,, and /, are linear dimensions in the x and z directions, and «, and «) 
are the linear expansion coefficients perpendicular and parallel to the hexagonal 
axis. 


In the case of a monatomic solid, if v is the volume and S the entropy of a 


gram-atom, then 
V4, = — oS % U4, = — os 
x OX, E ’ Z VA. n 


where X, is the pressure along x on a plane perpendicular to x, and where Z, 
as a similar meaning. X,, and Z, are sometimes called ‘“‘ thermal pressures” 
and are positive if the interior of the crystal is considered. Thus, since 


aE: 
S=| [24T 
[ee 
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where C, is the heat capacity at constant pressure per gram-atom. 


is now written as 
dlogl--0C,, ft dlogi, ,oC ) dlogl, eC; 
0X, Ologl, 0X, Ologl, dX, Alogi,’ 


and the elastic moduli* introduced by using the relations 


Ologl,__, _ dlogl ere ee Ologi, _ _ 
0X, pene OX: Ge 7. 
Since for the hexagonal system 
ce, oC 


ee 
dlogl, dlogl, 
* The elastic moduli 543, S32, 533 are fourth-order tensors and can be written in full as 


1222) 51122) 51133) Ssgss- 
For a stress along X, 


$y, is the modulus giving the strain in the X direction, 

Siz ” yi ae of MY % 

Sis ” »” ” ” Z ” 
For a stress along Z, 
| 5y3 is the modulus giving the strain in the X direction, 
| Ssz ” ” ” ” Z ” 


In the discussion, spy are assumed to be independent of temperature. 
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ac, ac, Hy 

we have ~ BX. =(Si7 4 sw) Soe Saag 
9C, 
Similarly, en = 2S. aCe i 


az, Lae L, + $30 Togd, . 
These expressions can now be substituted in (1), and the two expansill 
coeficients written as 


oe = (Sta + S49)9¢ + S184 eee ales (2a) } 
Ay = 25130 2 + $389 s sheye ene (2b) 
where q,, and q, are the so-called ‘‘thermal pressure coefficients” perpendiculz | 
and parallel to the hexagonal axis : | | 
1 CG, dT 34 11] 
oe “iL (27), De ae | 
=a 06) Veal 36) 1 
=5|, Gea ie CO 


This represents the limit of purely thermodynamic reasoning. In ordef, 
to evaluate g,, and g, as functions of temperature, the quantum theory of specififl 
heats must be used. | 

The heat capacity at constant volume, C,, for a hexagonal crystal may if 
considered as being composed of two components, C,,, and C,,, where 


C216, F316) eee (4) 

These two components refer to vibrations perpendicular and parallel to t 
hexagonal axis, and are expressible by the Debye functions . | 
| 


C) 0,\" 
— Bee his => ae | en ee pica 5 
Gua BRD (=A); Ce, sRD(S), (5) 


where ©, and ©, are the two characteristic temperatures referring to vibration} 
perpendicular and parallel to the hexagonal axis. Similarly, two componen 


of the heat capacity at constant pressure may be defined by it 
Gs =3C,,+ 3Gi ee ve ee (6) i 

the two components again referring to the X and Z vibration directions. Hesse 
to a high degree of approximation, C,,, is independent of small changes in J,, arjf} 
vice versa. We can therefore re-write the integrals (3) as | 
2 (f (eGey at | | 

= eS eee te Fe 7a) 
te J, (at), pe ( ‘| 
Lo (200 \ «dG 
=> eS ee ee 7b) Wf 
x al (a), T (70) 
In order to proceed further, C,,, and C,,, must be replaced by expressions involvir i! 

C,, and C,, which, when written as sane functions, are susceptible to man 

pulation. | 
The well-known identity | 


may be approximated by | } 
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where G is a constant independent of volume and temperature, since the tem- 
perature variations of «, the volume expansion coefficient, and of «, the volume 
compressibility, are of the same order of magnitude over the higher temperature 


range. H ence 
Con Cog + Gol; Cy, =C,, + G.vT, 


where the constants G, and G, are defined by 
G=2G,+4G,. 
It is now easily shown that, since v=/, 1, L., 


OCp, otf Cog 
dlogl, dlogl, yeas 
OTE ese? + GyvT. 


dlogl, Alogi, 


‘The integrals in the expressions (7) for g,, and q, therefore become 


0 dT 
a) BS a ee te ear 8 
(rr), uh pcr (84) 
(ay Gl Os, Na eld be 
HE (hee ee eee 8b 
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To evaluate the Cy, integral in (8 a), we express the heat capacity as the Debye 
function 


0, 
Cy, = 38RD (5) 
OCr, _ One eg One 
aan AE gee (3)-3 alos, 
(92\ %, dlog®, 
Sve (52) 9 are: 
/ @, OF 
PaR VD (5) MS. sear (9) 
| icone 0, 
where D’ (3) is the derivative of the Debye function with respect to 7 
and where 
_, dlog®, 
cae dlogl, 


may be considered as a numerical constant independent of temperature 
(Griineisen number). It can now be shown from (9), following a similar pro- 
cedure to that of Griineisen and Goens, that 


they fore OM dT 3) 
2) teen Ra aD) (i 
Ip ae T te G 
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Similarly, { Ga = ERG dake La W lhe nee (10 5) 
a 
d log @, 


where VY, =— Zlbgl 
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From the relationships (7), (8) and (10) we can now express the thermal pressure 
coefficients in a form suitable for evaluation : 


a= 5 20,4 + AT, Saom ie (11a) 
= 7 Ce taal euerenrs (11 4) 


At low temperatures the terms in T' can be neglected and the relationships 
become simply | 


The expressions derived by Griineisen and Goens for low temperatures, 


a 23RD (5) q, = 223 (). aes (13) 


are essentially similar to the approximate expressions (12). Their definition of} 
Ya VY ©, and @, is, however, more complex than the simple definition of the 
similar quantities in this paper, and it is not certain that they have quite the same 
significance. A comparison of (12) and (13) shows that.the y’s differ by factor} 
: 4 

of 2 and 4 if the ©’s are taken the same. 

Substitution. of the values (11 a), (116) for g, and g, in equations (2a) anf 
(26) gives the final form of the expressions for the two expansion coefficient} 
a“, and «). These may conveniently be written as 


4, =t,= AC, AC, CT, ee (14a) I] 
a =%,=.LC,.+MC,+NT, | See (146) I 
where A= ; 72 (54-4549), eee (15a) 
1 y, 
B = 7 hs, De. (155) 
4 
l=; Tess rope (15c) 
1 


M = 5 Ysss, rete (15d) 
1 | 
Ce 3 (2G; (Sip Sea) + Gosigt, ee (15e) 


1 
N = 3 (4G 3+ Greet sere eliere (15f) 


In computing, A, B, C, L, M and N can be treated as constants. 


§3. THERMAL EXPANSION OF GRAPHITE 
Magnus (1923) has measured C, for graphite over the temperature rang: 


— 229° to 827° c. and has derived the corresponding values for C,. Using} 
expressions equivalent to equations (4) and (5) of this paper, he found values afi 
©, and @, which gave a good representation of C,, over the whole range. Thes# 
are || 


@,+2280: ©,=760, | 
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‘These values are used in the following calculations as they are in agreement with 
our definition and use of the quantities. The experimental data used here have 
been listed in Part I. 


Thermal expansion of the a dimension 


The experimental data are such that a reliable plot of «, against temperature 
cannot be obtained. It is preferable, therefore, to consider the a unit-cell 
(dimensions themselves. 

The expression (14 a) for «, will be approximated by 

Gi Ge 3 Car ee Gm 5112 (16) 
which assumes that the term directly proportional to the temperature can be 
neglected. There is some justification for this as the constant C is composed of 
positive and negative components (s,3 is negative), both of which are of the same 
order of magnitude. s,,is known to be negative because of the observed shrinkage 
in the a dimension (see the qualitative discussion in Part I). 

Integration of (16) leads to the following expression in a : 

! loga=AU BU log demain | Seas (17) 
where dy is the value of a at absolute zero, and where U,, and U,, being the integrals 
of C,,, and C,,, are components of the internal energy U. U, and U, can be 


‘evaluated by expressing them in terms of the Debye energy functions which have 
been tabulated by Beattie (1926) ; thus 


0.) . a 9, 
G2= BRT F (=) ; U,=3RT F( 7), 


where F (5) = on is the tabulated function. 


The problem now is to choose values for A, B and a) which give the best 


2-4565 
a& mkx 
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ces 200 400 “C600 800 —- 1000 


Figure 1. Comparison of observed values of a with the theoretical curve. OX, experimental! 
values from two sets of measurements. Limits of experimental error indicated by 
vertical lines. 


agreement with the experimental data. ‘The curve of a against temperature 
shown in figure 1 was calculated from (17), using the following values: 


. 


A=0-1620x10-"; B=—0:1013.x10-";  -a)=2-45671 kx. 


The experimental values (two sets of measurements—see Part I), with their 
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limits of error, are also indicated. The agreement is as good as can be expected 
considering the limitations of the experimental data. 
From the above values for A and B, a plot of a, against temperature can 


6) 
be derived from equation (16), using Beattie’s tables of D(5) to evaluate C,, 


and C,. The curve is shown in figure 2. It is in general agreement with 
experiment, particularly in giving a somewhat te value for the negative 
coefficient at 0° c. than for the positive coefficient at 800° c 


eae a, observed ay calculated 
0 a, Aly <a’ may se 1 e 
800 ca 0:9 x 10-* 0-8 x 10-° 
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Figure 2. Theoretically derived curve for ay. 


The theoretical curve gives «,=O‘at 7,,=383°c., which agrees with the 
‘temperature of about 400° c. found experimentally. It can be said that the | 
theoretical curves agree reasonably well with experiment with regard to the} | 
variation with temperature of both a and «. 


Thermal expansion of the c dimension 


In this case the full expression (14) for « was used, which includes a term |} 
directly proportional to temperature. ‘The best fit with the experimental data 
was obtained with the following values for L, Mand N: 


L=—0-770x 10-3; M=1-380x10-8 ; N=1-077x 10-8. 
The resulting theoretical curve is compared with the experimental values for aj | 
in figure 3. ‘The agreement is close. Of particular interest is the step-like 
character of the curve, which was seen in Part I to be demanded by the experi- || 


mental data. ‘Theoretically, « must rapidly diminish at temperatures lower | 
‘than about 400° K., and must, of course, be zero at 0° k | 
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As might be expected, it proved impossible to obtain agreement with experi- 
1ent when the term NT in (14) was neglected. With such an expression, the 


dt 


ele) 


reli 
26 
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Figure 3. Comparison of experimental values for a, with the theoretical curve. 
O, experimental, values. 


best”’ curve for a rose sharply toa maximum at about 500° K. and then decreased 
radually with increasing temperature. 


hermal expansion at very high temperatures 


At very high temperatures, the Debye functions approach the value unity. 
“his is expressed more exactly by saying that ~ 


(0) 0) 


‘or graphite, this condition is reached approximately when T'>2000° x. (1700° C.). 
.bove this temperature 

Cy YC, Cy; = 3R. 
[ence the expansion coefficient can be expressed approximately as a linear 


inction of 7’: 
ae (L+M).3R+NT 


m15x10-411x108T. (18) 
imilarly a, &(A+B).3R+CT 
BU PS athim CVE AY nO TES (19) 


n this case, if C is negligible, «, is approximately constant at very high tempera- 
ires, and has a value of about 1-5 x 10-6. 


§4. ELASTIC MODULI AND COMPRESSIBILITIES 
The values derived above for A, B, L and M can be used to derive an approxi- 
sate estimate of the elastic moduli (s,; +55), 533 and 533, if one additional datum 
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relating these quantities is known. Such a datum is provided by the volume | 
compressibility. In the hexagonal system | | 


K=2k) +k, 
where x, and «; are the linear compressibilities perpendicular and parallel tal} 
the hexagonal axis. They are related to the elastic moduli by the expressions |} 
KL=Syt+Sy24+S13 5 Ki = 2513 + S335 
whence = 2(511 + S12) + 4543 + 533. 
In addition, from A, B, L and M we obtain the following quantities by using: | 
relations (15 a) to(15d) with v=5-3 (volume of a gram-atom of graphite at 18°C.) ; 
Vx(Sy1#S4g)= 1:29 10-18 cm?/dyne, 
VS13= — 1:61 x 10-48 cm?/dyne, 
/oS13= — 3-06 x 10-13 cm2/dyne, 
YS33= 21-94 x 10-18 cm?/dyne. 
Using Basset’s (1941) measurement of the instantaneous compressibility at | 
18° c., «=44-9 x 10-48 cm?/dyne, we can now derive the following approximate} 
values for the elastic moduli and the two Griineisen numbers : 
Satsi,= 1:8<10** cme/dyneatis.c | 
Sig = —4:3 x 10-78 cm?/dyne at 18° c., 
Soge2 5875 x 10 * emaidyne-atetoac | 
Wee UAL ars 0 | 
The two linear compressibilities are, approximately, 
Kp=—25 x 10423" Kp 50x 10-9 ems idyne: | 
There is thus a small negative compressibility perpendicular to the hexagona} 
axis. ‘lhe anisotropy of the compressibility is seen to be considerable, the effec i| 
of pressure being mainly confined to packing the graphite layers closer together } 
Values of s,; and s,. separately are, unfortunately, not obtainable from our dataj i 


It is, however, of some interest to have for such an intractable material as graphite; 
even approximate estimates of certain of the elastic moduli. 


§5. COMPARISON WITH ZINC AND CADMIUM | 

It is of interest to compare the data for graphite with those obtained for zind H 
and cadmium by Griineisen and Goens. ‘Table 1 gives the values of the elasti¢ : 
moduli, compressibilities and thermal expansion coefficients which refer to 4 H 
temperature of about 18° c | 


“Table 1 | 


I} 

S4itS12 $13 333 KL Ki ay Oy } 

(x 10-38 cm2/dyne) (x 10-18 em2/dyne) (x 10-) 1! 

i | 

Zinc 75 =6:1 2s? 1-4 16-0 13 64 \|| 

Cadmium 10:85 Oe soeS TO WS 11 100 1 
Graphite 1:8) 2453. 58-5 Ae Lei) 26 
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The interesting point emerges that whereas «, is much greater for graphite 
than for zinc or cadmium, «, is much smaller. This is contrary to the usual 
state of affairs, as is seen, for instance, by comparing the data for zinc and cadmium. 
An explanation along the following lines is suggested. Graphite is an extreme 
example of a layer structure, so much so that it is an assembly of large macro- 
molecules held together by what are probably mainly van der Waals forces. The 
covalent linking within a layer is so strong that the layer can be considered to be 
almost rigid. Thermal vibrations, perpendicular to the layers, then, will be 
diminished in amplitude owing to the large mass of each layer, and the thermal 
expansion will not be as great as the extreme anisotropy of the structure would 
at first suggest. ‘The effect of pressure, however, is independent of the mass of 
the layer, and a high compressibility results because of the large interlayer spacing 
(3-35 a.) and weak interlaying bonding. 

‘The great strength of the C—C bonds within a layer is reflected in the small 
value of 5;,+5y, whereas the weak interlayer forces give rise to the large value 
for ‘S35. 

The partially covalent nature of the bonds between atoms in the same layer 
in zinc and cadmium is similarly demonstrated. 

Another interesting comparison involves the ratio of interatomic distances 
within and between layers. In table 2, d, is the interatomic distance in A. within 
a layer, and d, the closest distance of approach of atoms in neighbouring layers. 


} 


Table 2 
| d, d» deld, ey ley 
Zinc 2°66 2°91 1:09 11-4 
Cadmium 2:97 3-29 1:11 12-1 
Graphite 1:42 3°35 2:36 —20 


The ratio of the linear compressibilities is obviously correlated with the ratio 


7 while the negative sign of a for graphite is one more indication of the 
ESI 
av 


yreat anisotropy of the structure. 


‘ 
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§1. INTRODUCTION 


N extended series of investigations into the crystal structure and habits of | 
ES a number of long-chain saturated hydrocarbons has been published, 
generally limited to paraffins or their derivatives containing from 10 to 50} 
carbon atoms. While the data obtained in this range constitute an invaluable ]} 
basis on which to found theoretical studies of intermolecular binding forces, }} 
some difficulty arises due to the presence of end groups. A considerable simpli- || 
fication results when the length of each molecule may be considered as infinite, J} 
so that each atom bears the same relationship to its neighbours. In common 
with a number of other properties, the structure of such a hydrocarbon can inj) 
a certain measure serve as a limit towards which existing structures approach | 
with increasing length of the CH, . . . chain. | 
Bunn (1939) has made use of x rays to investigate hydrocarbons of this | 
character and has deduced the electron density of the structure. In the presenti) 
work, thin films of similar high polymers were studied by means of electron) 
diffraction. In general, good agreement is found in those aspects of the problemi) 
which overlap in the two methods of investigation. ' 
A highly polymerized hydrocarbon, polythene, was available for these} 
experiments. It is produced by the polymerization of ethylene, and occurs) 
in a range of molecular weights, which, according to viscosity measurements, 
amount to several thousand carbon atoms. ‘The commercial product may belf), 
obtained in several forms with different average degrees of polymerization. Asif) 
will be shown later, no appreciable difference was detected between films formed 
from these different specimens. No attempt was made to obtain specimen 
whose molecules cover only a very narrow range of molecular weights. 

At room temperature the polymer is a white solid, reminiscent of paraffi 
wax in appearance, but its high degree of polymerisation results in a very toug 
structure. It shows no definite melting point but softens in the temperature 
range 90-100° c.  Atslightly lower temperatures it loses its wax-like appearance} 
and becomes more transparent. As Garner, Bibber and King (1931) hav. 
shown, a similar change may be observed in the transition of docosane from I 
the f to « form, which is stable at temperatures several degrees below the meltin 
point. A general formula was deduced by these BN SMEATON: for the setting} 
point of a hydrocarbon C,,Hg, +»: 


T = (0-6085n — aye nicer 0:00404). 
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For a molecule of infinite length T=408° k., a temperature somewhat higher 
than the softening range observed in polythene. 

In the present paper, the structure and orientation of polythene at room 
temperature are discussed. In the following paper the influence of temperature 
on the structure and the changes which occur in the neighbourhood of the me Iting 
point are described. 


§2. ELECTRON DIFFRACTION—EXAMINATION OF THIN 
) POM YANSURINIS, INTE MS 


Preparation of specimens 


For the purpose of these experiments, polythene was available in two solid 
forms known as A and B, which differ in their viscosity in solution, and hence 
in their mean molecular weight. In addition, experiments were carried out on 
polythene in the form of an emulsion ; these will be described later. 

In view of the range in molecular weights, and the possible inclusion of grease 
or other impurities, some degree of purification was judged advisable. Solutions 
of polythene A (available in the form of rods) were prepared in hot xylene, from 
which the polythene was precipitated on cooling, in the form of a thick translucent 
gel. This process was repeated on a number of occasions and specimens from 
the successive filtrates examined by electron diffraction. In no case was there any 
appreciable change in either spacing or intensity of the patterns thus obtained, 
nor did these differ from patterns obtained from specimens of the precipitate. 
It may therefore be concluded that the polythene under examination does not 
contain very appreciable quantities of impurity and that it may be considered asa 
compound sufficiently homogeneous for structure determinations. The inclusion 
within a pure substance of 1°% of a homologous impurity would not, however, have 
any great influence on the structure. 

At first a solution of polythene in benzene was used, but a 0:5°% solution of a 
precipitate from xylene proved far more satisfactory for the preparation of thin 
films, and this was generally adopted. One or two drops of the solution were 
placed on hot water (90°c.) and the xylene evaporated off. Films produced 
in this fashion measured several square centimetres in area, and their thickness, 
which was variable as judged by their colour, was of the order of 1000 a. over the 
major part of the area. The thinnest films produced were of a steely white or 
golden yellow colour, while thicker films presented a wide and pleasing range of 
colouring. ‘lhe films found most useful for transmission were obtained from 
films of about 1000 a. thickness. ‘These films are very coherent in spite of their 
thinness. ‘This may readily be seen when tension is applied to one portion of the 
film, since the whole film tends to move as a single skin over the surface of the liquid. 
- When a suitable portion of the film was found, it was removed on a nickel 
sauze and mounted in the electron-diffraction camera. ‘This was of the Finch type, 
Poking use of a cold-cathode discharge tube operating at about 50-60 kv. ‘The 
distance from specimen to photographic plate is about 50 cm. ‘To produce 
satisfactory blackening of the plate, exposures of 10-30 sec. were most 


} 


suitable. 
34-2 
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Elucidation of structure 

Examples of the electron-diffraction patterns obtained with the film normal 
to the incident beam are shown in figure 1. The observed spacings are compared 
with those given by Bunn for a highly polymerized saturated hydrocarbon, as | 
obtained from x-ray examination. The calculated spacings are based on the | 
following axial dimensions :— 

Bunn a=7-40, b=4-93, c= 

Charlesby a=7-428, b=4:934, C= oes 
In examination of these films the three axes may be taken as mutually perpen- | 
dicular. . 

One pattern was obtained from a composite film of graphite and polythene, | 
and this was used to standardize the more intense rings of the polythene pattern | 
in terms of the 1-:2217 a. graphite spacing. A number of other patterns were: 
also measured in terms of the 2-467 polythene spacing, which was generally used 
as sub-standard. The difference from the mean spacings rarely amounted to} 
more than 0:4°% and was generally about 0-:2%. : 

Unlike x-ray diffraction patterns of polythene, electron diffraction patterns || 
show sharp rings, there being little or no trace of haloes due to amorphous jj 
material. This difference is to be ascribed to the different types of speoimeceh 
used ; films of about 1000 a. thickness prepared as above are essentially crystalline, |) 
whereas polythene prepared from the melt in thick specimens and in the absence'f} 
of an orientating substratum consists to a considerable extent of amorphousi) 
material. ‘The extent of agreement shown for the structure of molecules whichif) 
may be considered infinite in extent may be seen by comparing them with the 
corresponding spacings typical of shorter C,,H,,,,. chains. i 


Table 1 : 

nin 
CrHan+e 5 a | 
| 

19 7-55 5-01 Miiller (1932) | 

93 743 4:97 > | 

30 7-33 4-92 i Hl 

31 7-40 4-93 iS | 

34 7-40 4-95 ‘ 7 
44 7:33 4-93 ’ 

35 7:43 4 On Hengstenberg | 

30 751 4-955 Schoon i 

31 7-49 4:97 ‘fi | 
So Se 1 


In these measurements a change of 5° c. would cause an error of the order off 
1% in the spacings of aand b. |) 

This comparison of the spacings of polythene with those of saturated hydro#! 
carbons shows that the lateral packing of the molecules must be very simila) 
in the two cases. It immediately follows that the polymerized molecule is linea 


in character. 
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Figure 1. Figure 2. 
Polythene film normal to beam. Polythene film inclined to incident beam. 


Figure 3. Paraffin 
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Figure 4. Figure 5. 
Polythene film fully extended. Polythene film partially extended. 


Figure 6. Orientation of polythene on a steel surface. 
(Incident beam perpendicular and parallel to direction of application.) 
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This similarity in structure, taken in conjunction with the sharpness of the 
rings (arising from the relatively large crystal size) and the absence of haloes 
due to amorphous material, provides strong evidence that during and after poly- 
merization the vast majority of the polythene molecules retain a linear structure 
without side-chains. The intrusion of a single methyl side-group would of 
course disrupt the crystal over a wide extent. 

While the spacings observed are essentially similar to those of the saturated 
hydrocarbon studied by Bunn and others, the intensity distribution as between 
the rings shows considerable differences. For example, among the shorter 
spacings, the intensity of the 200 is observed to be far weaker and more diffuse 
than that of the 110 and the 020 diffractions. 


Orientation 


The above results were deduced with the incident electron beam normal 
to the polythene film. To investigate the orientation which accounts for the 


Table 2. Intensities of rings (visual estimates) 


Plates 4006, 4032: Film normal to incident beam. 
Plates 4008, 4034: Film inclined at about 30°. 
Intensities in directions parallel and at right angles to axis of rotation. 


Plane 4006 4032 4008 4034 


110 VS VS VS S* Wiss Wis 
200 M M M S MW S) 
210 F — — = Wie We: 
020 ) S) Ss = S) M 
120 F F — — FE — 
O11 MS MS M M M MW 
310 

110 M MW MW MS — — 
201 be 

220 M MS M M MS M 
Aa MW MW MW MW W MW 
320 

410 MS MS MS MW M M 
121 

Sill WwW W = — WwW M 


* 110 ring in 4008 (which shows orientation most clearly) is split into four very 
intense quadrants, at about 45° to the axis of rotation. 
The visual estimates of intensity are in the following order :—VS, S, MS, M, 


MW, W, VW, F, VF. 


nodified intensity distribution, specimens were tilted through angles of between 
0° and 70°. The pattern then showed considerable differences in directions 
yarallel to, and at right angles to, the axis of orientation. ‘These are given in 
able 2 for certain diffractions of the lowest order. It will be seen that while 
20 is weakened if the film is rotated, 200 is intensified. ‘Thus in the film as 
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picked up from the water surface, the 020 plane is approximately perpendicular 
to the surface, but the 200 is inclined, i.e. the 6 axis lies parallel to the water 
surface while the a axis is inclined at some angle. This conclusion is verified 
by an examination of plate 4008, obtained from a specimen the perfection of 
whose orientation is well above average. Here the 110 diffraction is intensified 
in directions making angles of about 35° with the axis of rotation. The con- 
siderable length of the arcs shows that even in this specimen the orientation is 
by no means perfect. 
Angle of tilt of a axis 

Among the large series of paraffins, aliphatic acids and alcohols, the structures 
of which have been determined, several enantrotropic forms are known to occur. 
Miiller’s work on the hydrocarbons has shown that, in a number of cases, tran- | 
sition points occur at certain temperatures, corresponding to a change in structure. 
Francis, Collins and Piper moreover have noted that in a number of hydrocarbons, | 
the crystallized form depends on the manner in which the crystals were obtained, 
e.g. on whether crystals were grown from a polar or non-polar solvent. ‘These 
and similar observations are to be explained as due to the great similarity in the | 
main structure of these hydrocarbons. The main binding force arises from the | 
van der Waals and repulsion forces between neighbouring CH, groups. Because | 
of their relative scarcity, side and end groups can only produce considerable 
modifications in structure under special conditions, e.g. due to steric hindrance. | 
Where this perturbation is not serious, the main chains pack parallel to one | 
another at almost constant distances with the CH, groups interleaving. The | 
structure thus obtained is very stable to longitudinal shearing stress, except | 
when its magnitude is such that the CH, groups in neighbouring chains ride over |} 
one another by an integral number of zig-zags, in which case the binding energy | 
is only slightly altered. In principle, one may therefore anticipate a series of 
discrete stable or meta-stable structures in each of which the spacings at right | 
angles to the chain length are unaltered. 


§3. MOLECULAR ARRANGEMENT OF POLYTHENE 


The anomalous intensity distribution observed in the orientation of poly- | 
thene may be readily explained in terms of the above considerations, if the structure | 
of the polymerized molecule is considered to be substantially linear in character, | 
but that in the course of polymerization two dissimilar end-groups are formed :— | 

CH, =CH,+CH,=CH,+ >; == CH,—CH,— CH, =H _-=0 1 aan 

While the absence of side-chains permits a lateral packing similar to that | 
prevailing in the saturated hydrocarbons, the unsaturated end-group is too ||} 
large to be accommodated within the main body of the structure. | 

In a dilute solution on a water surface the individual molecules orient them- | 
selves with the hydrophilic group pointing down into the water. As the solvent | 
evaporates the molecules of the polymer tend to crystallize in the manner cus- |} 
tomary for a saturated hydrocarbon, but are prevented from so doing by the 
steric hindrance of the end-groups. This hindrance is, however, avoided in 


certain monoclinic and triclinic modifications and the molecules are consequently | 
tilted towards the water surface. | 
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In stearic acid films grown on water, two forms «, B are known to occur with 
the molecules inclined at definite angles to the normal, depending on whether 
b or a axis remains on the water interface. In the large number of polythene 
specimens examined, only the « form (our notation {nO}) has been observed.* 

While the end-group may assume a number of different positions, it must 
move as a rigid unit if there is to be no distortion of bond spacings or angles. 
The only variation which appears feasible is one of rotation about the penultimate 
carbon-carbon bond. 

Three special cases may be considered :— 


(a) All carbon atoms lie in the main plane of the molecule, and approximately 
along its axis. 


6) All carbon atoms lie in the main plane of the molecule, but the C=C bond is 
approximately at right angles to the axis of the molecule. 


c) All the atoms of the —-CH=CH, group lie ina plane at right angles to the axis 
of the molecule. 


In the saturated hydrocarbon, the closest distance of approach between atoms 
in different molecules occurs between two hydrogen atoms. ‘The repulsion 
arising from the interaction between these two atoms plays an outstanding réle 
n stabilizing the structure. 

In all three cases outlined above, the minimum distance of approach between 
itoms in adjacent molecules is very much smaller than the value for the saturated 
1ydrocarbon, which is about 2-5 a. (assuming Bunn’s data and a CH bond-length 
of 1:09 a.). Even in the most favourable case (a) this distance is only slightly 
sreater than 2-0 a. To avoid the excessive repulsion arising from this close 
roximity, while yet retaining the stability inherent in the main hydrocarbon- 
ike structure, adjacent molecules may be sheared to avoid the steric interference. 
The monoclinic structure which successfully avoids these excessive repulsive 
orces is the 20. In this structure the angle between the base and the c axis 
S56". 

There is no steric hindrance in the b axis direction, and no modification is 
herefore required. ‘This result is in agreement with the observed structure 
n which only the angle between the a axis and the water interface is altered 
rom 0°. 

That the orientation in polythene is due to the influence of the end-group 
s rendered even more probable by an examination of the electron pattern obtained 
rom paraffin films produced under similar conditions. While the spacings are 
imilar to those of polythene, the intensity distribution shows very significant 
lifferences, due to the {0,0} structure of paraffin wax. 


Structure of the film 


The structure of the film is defined in so far as the side packing of molecules 
nd the orientation at the base are concerned, but the variation in chain length 


* Further evidence for the existence of an unsaturated end-group is provided by the dis- 
sloration which polythene produces in dilute KMnQ,. 
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of the individual molecules precludes the measurement of a crystal height. It 
appears highly probable that odd fragments or portions of polythene chain 


protruding from the main structure of each crystal link up with other crystals, | 
forming a dense complex of crystals matted together by molecules common to |}} 
two or more of them. The general orientation of the chains produced by the basic |} 
layer is thus to a considerable extent conserved. Nevertheless, some departure | 
from the strict orientation must be anticipated, departure which becomes more i] 
serious in thicker specimens as the influence of the well oriented base layer becomes || 
less effective because more remote. In the thicker films as prepared for x-ray |}} 
investigation this influence is almost entirely lost in the mass of the solid. For }}} 
thin films as used in electron diffraction, where the thickness generally corresponds |} 
to less than 1000 C—C linkages, the orientation is retained almost in its entirety. |]| 
Even here, however, the orientation is to some extent impaired as is made clear : 
by the appearance of orders which would be absent in a perfectly oriented crystal. |}} 
A point which still remains obscure is related to the length of the individual | 
molecules. In the A polymer the molecule is believed to comprise far more than |}} 
1000 C—C groups. It is then difficult to account for the observed structure, | 
without assuming that the molecules are bent back on themselves, and this would }}} 
presumably disorganize the crystal orientation very considerably. The observed | 
orientation of the film, while by no means perfect, is sufficiently marked to make | 


this hypothesis unlikely. 


Influence of the rate of crystallization 


Of considerable importance to the structure of the film is the rate and tempera- 


ture at which crystallization takes place. ‘The films of polythene used in these 
experiments were prepared on a water surface at 95° c. and formed a skin several 


square centimetres in size. At lower surface temperatures, when the mobility jf] 


of the molecules on the water surface is reduced, the film formed is far more 
brittle, and readily breaks into a number of fragments. Films prepared under 
these conditions are far less readily mounted and examined. 

An analogous effect may be observed in the case of the lower hydrocarbons. 
A thin film of paraffin wax, prepared from a drop of xylene solution on a water 


surface at 100° c., is found to consist of relatively large single crystals, measuring | 


about 10-? cm. across, all in approximately the same orientation. On a water 


surface at 52° c. the crystals formed are several times smaller, while at 20° c. | 


they only measure 10-° to 10-*cm. across. The films of polythene examined all 
consisted of crystals estimated to measure about 10-3 to 10-4 cm. across. 


Attempts were made to grow polythene crystals by evaporation of the solution |}] 
on a glass surface. ‘They all resulted in a conglomeration of small milky patches | 
without mutual coherence. Better results might possibly be achieved on a warm | 


glass surface. 


Pseudo-hexagonal crystals of paraffin have been observed by crystallization |} 


near the melting point, instead of the usual orthorhombic variety, but no such 


crystals have as yet been ‘observed in polythene films, nor does their existence’ 


appear likely. 
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Samples of B polythene (of lower average molecular weight than A polythene) 
appear to have a somewhat different texture and appearance. Specimens of 
B polythene film prepared as above were found to possess the same structure and 
orientation as A polythene, any slight differences in the patterns, e.g. relative 
intensities and width of rings, being adequately explained in terms of individual 
variations due to slight changes in the method of preparation and film thickness. 


§4. DEFORMATION OF POLYTHENE FILM 

When a plastic is deformed, and the stress is subsequently released, there is in 
general an instantaneous partial recovery, followed by a further slower recovery 
(aiter-effect). The final state of the specimen depends on its previous history, 
the rate and degree of extension, and the conditions under which the applied stress 
is released. In the study of the elasticity of polymers, temperature plays an 
exceptionally important réle. 

Polythene exhibits the property of cold-drawing to a remarkable degree. 
With the electron-diffraction camera it is possible to study the structural changes 
which take place during the cold-drawing of a thin film of polythene. Owing 
to the experimental difficulties, the degree of extension cannot be known accurately, 
but it is nevertheless possible to survey its influence on structure. 

Thin films prepared as described above were picked up on a small jig consisting 
of two razor blades mounted in slides in which they could be moved. ‘The initial 
separation of the knife edges was 0-3 mm. and this was increased during the exten- 
sion to nearly 1 mm. During this extension part of the specimen was distorted 
or torn, so that the true extension could not be obtained. A pattern obtained 
from an extended film is shown in figure 4. In this case the initial colour of the 
film was yellow and white, the final colour being white. 

In the initially unstressed film the molecules make angles of perhaps 60° to 
120° with the direction of the subsequently applied force. Electron-diffraction 
patterns of the extended film show that the molecules assume an orientation 
nearly parallel to the applied stress, whereas the a and b axes are oriented in all 
directions at right angles to it. The spacings of the extended and unstretched 
material were found to be identical within the limits of experimental error. 

As shown in figure 4 each Aki reflection consists of an arc. Details of the 
ntensity distribution within each are are more fully discussed below ; it may 
be stated, however, that the length of each intense arc may be ascribed to imperfect 
orientation, so that the c axis of each crystal makes on the average an angle 0 
with the direction of the imposed stress. In one case this angle has been esti- 
mated from the length of the arcs. 6 is calculated from the ratio tan 0=//d, 
where / is the subtense of the arc, and d is the corresponding diameter. ‘The 
‘esults are shown below. 


Table 3 
Plane 004 ily 002 il 110 200 020 
? (mm.) 12 > 6 355 2 15 3 
d (mm.) TZ 37°6 30:4, 26:7 ililex Dey 18-7 
tan @ 0-166 0-133 0-166 0-13 0-18 0-12 0-16 


Mean value = 9°-:1+1° 
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Without a fuller investigation of intensities, it is not possible to state whether the) 
c axes of different crystals all make angles of about 9° with the applied stress, or, 
whether, as appears most likely, the angles vary from 0° to 90° according to some, : 
form of Maxwellian distribution. ‘| 


§5. CHANGES IN THE STRUCTURE OF THE FILM DURING EXTENSION) 


‘The process involved in the extension of thin films of polythene may be) 
deduced from a consideration of several patterns of films extended to varying | 
degrees. In the intermediate stage it is found that 110, 200, 020, etc., diffractions. 
become very weak in directions along the direction of extension, ie 002 and : 
corresponding diffractions become intensified. In the perpendicular direction ! 
110, 200 and 020 retain their initial intensities almost unaltered. In intermediate | 
directions the intensities vary in a continuous fashion from 0° to 90°. ‘Thus the. 
re-orientation of each micelle or crystallite takes place smoothly and not by a| 
sudden change to substantially complete orientation. | 

In films which are almost completely extended, the 100, 200 and 020 are | 
confined to short arcs, but within these the intensities show characteristic changes, | 
which appear to rise from the superposition of short and very intense arcs on | 
longer and weaker arcs. The more intense arcs subtend angles of about 8° | 
(+4° from the mean) with a relatively sharp end, while the weaker arcs subtend | 
about 20°. In the 200 diffraction the weaker arc is extremely faint or missing. | 

The explanation of these observations is believed to be as follows :—The 
weaker and more extensive arcs correspond to remnants of the initial rings in the | 
unstretched specimen, and are due to the relatively few micelles or crystals which |} 
during the extension remained almost unaltered in position. The stronger i 
arcs arise from micelles whose position has been completely altered, and which | 
finally come to rest in directions almost parallel to that of the extension. | 

As a result of this motion most micelles lie almost parallel to one another. | 
It is believed that some form of partial recrystallisation takes place in this new | 
orientation. This crystallization cannot be other than very imperfect, in view of |] 
the inherent strains and distortions to which the micelles are subject in their |] 
new positioning. Nevertheless the presence of very short arcs, which may almost |} 
be described as blobs or diffuse spots, and whose ends are relatively sharply defined, | | 
does lead one to envisage the existence of intermicellar forces which operate | 
mainly between micelles brought into approximately parallel orientation by the 7 | 
applied stress, and which tend to complete the perfection of orientation when the | | 
external stress becomes almost inoperative. It appears very plausible to suppose | 
that the completed blocks, however imperfectly crystallized, are fairly stable, | 
so that the extended film does not revert to its original structure. The inter- | | 
micellar forces are van der Waals forces which also serve to bind molecules within 
each micelle. ‘The resultant force must, however, be weaker than the forces |} 
within each crystal, due both to the intermolecular strains introduced during | 
the extension, and the greater intermolecular distances generally involved. 

When the temperature is raised to a point slightly below the melting point | 
of the pure crystal, these forces no longer suffice to maintain the rigidity of the |} 


structure, and there is a resultant tendency for the film to revert at least partially | 
to the initial state. | 
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The reason for the almost complete disappearance of the longer 200 arc is not 
very clear. A possible explanation is that this may be due to the initial orientation 
present in the film. The crystals are generally tilted so that the a axis is not 
parallel to the surface of the film. When the stress is applied, the first tendency 
is for this tilt to increase. Thus 200 reflections decrease in intensity more rapidly 
than those due to 020. 

In the hypothesis outlined above, it is assumed that each crystal initially 
present in the film remains substantially unaltered during the extension. Other 
types of deformation may also be considered. The possibility of a shear within 
each crystal is rendered unlikely by the observed intensification, as well as by 
other considerations. An alternative hypothesis, that the extension consists 
mainly of a rearrangement of amorphous structure within the film is, at least 
for the thin films studied here, definitely disproved. 


B polythene 


Extended films of the lower polymer have been obtained but no marked 
difference in their structure could be detected. From the few specimens pre- 
dared, it appears that extended films of B polythene are somewhat less readily 
»btainable. 


§6. ORIENTATION OF POLYTHENE 


Orientation on metals 

The experiments described above are limited to the orientation of polythene 
on water surfaces and, therefore, provide little evidence for possible differences 
m orientation produced under different surface conditions. A short series of 
*xperiments was therefore undertaken to throw some light on the influence of 
ther substrata and of the treatment to which the film was subjected. Use 
vas made of a metallic base, which offers advantages both from the practical 
mterest in the adhesion of plastic to metals, and for the ease with which several 
forms of treatment may be applied. 

Several experiments were made on a polished copper disc, but in most cases 
1 chromium-plated steel disc was used. ‘The experiments all tend to illustrate 
he lack of powerful orienting force at the surface, although adhesion is always 
ufficient to retain some polythene, even when the specimen is subjected to strong 
ubbing. ‘The results and conclusions are summarized below :— 

(a) A chromium-plated steel disc, previously polished, was cleaned by con- 
inued washing in benzene. Polythene was then rubbed on the disc in one 
lirection, use being made of a suitably pointed stick of the polymer. The 
pecimen was examined with the electron-diffraction beam parallel to and per- 
»yendicular to the direction of rubbing. The two patterns obtained are essentially 
lifferent in character. With the incident beam parallel, the pattern consists 
»f several rather diffuse rings, whereas with the beam perpendicular it comprises 
- number of 7 layer lines, with arcs such as 110, 200, 020, 011, 002, and 022 
uperimposed. The film is thus found to consist of a series of very small or 
mperfect crystallites, in which the preponderant orientation is imposed by the 
aolecules which tend to lie along the direction of rubbing, as might indeed be 
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anticipated on purely mechanical lines. The degree of one-dimensional orienta- 
tion thus produced is fairly considerable, so that a number of hkO, hk1, hR2 
reflections can be clearly distinguished. From the lengths of the arcs involved, 
it appears that the crystallites make angles of about 10° with the surface (or, 
alternatively, that the surface is not plane to this extent, although this is far less 
likely). In addition a very appreciable part of the film consists of less well- 
oriented crystallites, in which the c axes lie in all directions parallel to the 
surface. 

To within experimental error the spacings involved are identical with those 
found in films produced by slow evaporation on the water surface, where conditions 
are far more favourable to crystallisation. On the other hand, the crystals 
formed are far less perfect or are considerably smaller. 


(b) The specimen examined in (a) was subjected to rubbing on cotton wool 
in the same direction as the polythene had previously been applied. Examination 
showed that the orientation first found had become even more marked. In par- 
ticular the rings produced by crystallites in random orientation (but with their 
¢ axes parallel to the surface) had disappeared ; thus the vast majority of the 
molecules in the film form crystallites in which the molecular chains lie in directions 
nearly parallel to each other. 


(c) The specimen was then rubbed lightly with cotton wool in a direction 
perpendicular to the initial direction. The intensity of the pattern in (6) is con- 
siderably reduced ; in addition intense horizontal layer lines are observed. 
‘These are ascribable to a re-orientation of some of the polythene, with the chain 
standing erect on the substrate. ‘This may either be due to liquefaction of certain | 
regions, with subsequent recrystallisation in a more stable orientation, or possibly 
to a mechanical re-orientation of the crystals without melting. This latter 
hypothesis would appear most unlikely. 


(d) A further surface as in (a) was prepared and subsequently subjected to 
hard rubbing with cotton wool in a perpendicular direction. From examination 
of patterns taken with the electron beam parallel to, and at right angles to, the 
initial direction of rubbing, it appears that this final application of friction has 
succeeded in rotating the crystals through 7/2 into the final direction. From the 
diffuse character of the oriented chains, one may assume the mean length of the 
crystal (assumed perfect) to be of the order of 100 a. 

These observations can be readily explained in terms of the weak adhesion 
between polythene film produced in the manner described and the chromium 
surface. At the same time the re-orientation produced leads one to favour the 
hypothesis that, by hard rubbing, liquefaction of polythene is produced with 
subsequently faulty recrystallization in the very limited time available before 
the temperature falls below a critical value. That this time is very short is shown 
by the fact that the molecules retain a very clear “memory” of the direction of |} 
rubbing, and that this determines their subsequent orientation during the process |} 
of crystallization. 


(e) A further set of experiments investigated the structure of films produced 
by evaporation on water, and subsequently picked up on a steel surface. If a 
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surface film of this nature is intensively dried, and rubbed with wool, most of 
the film is removed, leaving an invisible layer in which the crystallites are oriented 
with the c axes in the direction of the applied stress. 


(f) After heating the thin film of polythene obtained in (e) to 180°C (> melting 
point), the orientation is to some extent destroyed ; yet sufficient is retained to 
indicate quite clearly the initial direction of rubbing. When the film is further 
heated to 300° c., no trace of film can be detected. 


Orientation of polished copper 

Polythene was rubbed on the polished copper disc, and the specimens examined 
in directions both parallel and perpendicular to the direction of rubbing. The 
film produced is found to consist mainly of very small crystallites (estimated at 
about 10 molecules across) oriented in all directions, but with a slight prepon- 
derance of molecules standing normal to the surface. The film obtained was 
generally thin, and this may be related to the poor orientation observed. It 
must be stressed that the patterns are not as clear as those obtained from the steel 
specimen, nor is their interpretation so satisfactory. It would, however, appear 
that adhesion to polished copper is inferior to that of polythene on plated steel. 


Orientation on acidified or alkaline water 


In view of the orientation always found to occur on water surfaces, orientation 

which affects the whole crystal structure of the film, the question arises whether 
this may be changed by altering the pH of the water. 
_ Films grown on hot acidified or alkaline water (HCl or NH,OH) do show 
some weak extra rings, probably due to impurities. ‘The main pattern consists 
of the usual rings, the spacings and intensities of which show no significant 
difference from those obtained in the main series of experiments. 


$7. POLYTHENE ON COLLODION 


A short experiment similar to that described above for metals was carried 
5ut on a collodion surface. A thin film of collodion prepared by evaporation 
of a drop of acetone solution on water was picked up on a rocksalt surface, which 
aad previously been polished. On this collodion surface a film of polythene 
was prepared by evaporation of a drop of xylene solution. The rocksalt was 
‘hen dissolved away and the composite film mounted on the gauze for examination. 
The pattern of the film thus obtained consists of the usual collodion haloes 
and of the rings of polythene. The intensity distribution of the latter shows 
hat the orientation is similar to that of polythene prepared on a water surface. 
In another specimen the polythene film was rubbed prior to the removal of 
-he rocksalt base. Contrary to expectation, no re-orientation of the film was 
bserved. It must, therefore, be concluded either that the use of a collodion 
substratum prevents the application of considerable pressure, or that gross 
irregularities in the rocksalt surface protect most of the film. 
- Ina third specimen, solid polythene was directly rubbed on to the collodion 
sacking before the rocksalt base was dissolved away. ‘The pattern of the film was 
‘ound to correspond to a strongly oriented film in which the molecules lie in the 
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direction of rubbing, and in which orders up to 004 may be detected. The| 
variation of individual crystals from the main orientation is generally not greates}) 
than 5°. In fact the transmission pattern is very similar to that of the stretched} 
specimens of polythene described elsewhere in this paper. Moreover, the} 
sharpness of the rings clearly shows the crystals to be relatively much larger than 
those formed in a similar fashion on metals. 


§8. POLYTHENE EMULSION 


In addition to the specimens of solid polythene described above, the polyme: i 
was also available in the form of an emulsion. ‘This consists of thick white paste }} 
mainly polythene but containing a small percentage of other compounds necessar yf} 
for stabilization. 

The emulsion was diluted in about 100 times its volume of water, and severa] 
drops placed on a thin film of collodion or methyl methacrylate as a backing} 
When the film had dried it was examined in the electron-diffraction camera. Ir} | 
many films the polythene was found to SEG in small regions, which coulc H 
not be examined owing to “charging-up”’ of the specimen in the electron beam) 
Thinner films suitable for examination gave rise to patterns consisting of diffuse H 
haloes and therefore very dissimilar from the patterns obtained from films off 
polythene formed by evaporation. 

In a few cases some weak rings were also visible but in general these could}, 
not be reproduced consistently. ‘These spacings were in approximate agreeme } 
with the 210, 020, 120 or 011 and 111, 201, etc., reflections. The intensities o i 
these rings were very low, and moreover other seth: intensities differed conf! 
siderably from those obtained from films produced from a solvent. ‘The intensit jy 
and infrequent occurrence of these rings shows that the quantity of crystal}, 
polythene present is very small and irregularly distributed. The haloes whiclf}, 
form the most striking part of the diffraction pattern were found to corresponéf, 
to the spacings (after application of Bragg’s law) 4:55 (4:2-4-9), 2-2 (2:05-2:35 Ih 
1-2 (1-1-1-3)a. Figures in brackets indicate the approximate width of the halal} 

The 4:55 halo is relatively sharp but is superimposed on a weak and broad half} 
with a peak intensity at about 3-6 a. At first it was not certain whether the outeg; 
haloes were in fact due to polythene or to the collodion or methyl methacrylat} 
background. A comparison with molten polythene, described elsewhere, showed} 
that the 2-2 and 1-2 diffractions are in fact due to polythene, but that the 3-6 half 
most probably arises from the backing. 

The 1-2 and 2-2 haloes coincide with the centre of a group of rings in thi 
crystalline pattern and may be considered to derive from a blurring of the rings | 
due to the small size or distortion of the crystals. This explanation does naj} 
account for the 4-55 halo, which is clearly distinguishable from the 110 and 204} 
diffractions. 1 

Electron-diffraction patterns of polythene emulsion show strong similarit |), 
to those of liquid polythene. ‘The comparison will be discussed more fully © il 
connection with the latter. 

When films prepared as above are heated to 100° c. before examination, nj} 
marked changes are found in the electron-diffraction pattern, although faint ring 
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nay be observed somewhat more frequently in the unheated specimens. This 
hange, moreover, was only observed in a few of the heated specimens, and 
annot therefore be accepted as a very reliable indication of any increase in 
rystallinity after heat treatment. 


§9. NON-ORIENTED POLYTHENE 


Attempts were made to obtain films of crystalline polythene which did not 
how the orientation customary in films produced by evaporation on a water 
urface. Among the methods attempted were : heating an oriented film, etching 
n xylene, melting, evaporation on a thin gauze. None of these proved successful 
n producing a thin film of polythene with an orientation different from that 
lescribed above. 


§10. CONCLUSIONS 


_ Thin films of polythene prepared by evaporation from a dilute solution of 
1ot water are crystalline in character. The structure of these films is similar to 
hat of the hydrocarbon described by Bunn, with the following axial spacings in 
he orthorhombic unit cell : a=7-428a., b=4-9324., c=2-532a. In addition, 
-owever, the molecules are oriented by the action of the hydrophilic end-group 
-CH=CH,, which can only be incorporated in the structure if the molecules 
re tilted, so that the d axis is parallel to the water surface, while the c axis makes an 
ngle of 56° instead of 90° with the water surface. The crystalline character of 
nese thin films of about 1000 a. thickness contrasts with the amorphous structure 
f polythene in the bulk form. 

- Thin films of polythene may be stretched and their altered structure examined. 
‘his is found to consist of crystals in which the c axis lies nearly parallel to the 
irection of the applied stress. ‘The intensity distribution in the electron- 
iffraction pattern leads one to postulate inter-molecular forces which stabilize 
ye crystals in their new positions, until the temperature is raised to the neigh- 
‘ourhood of the melting point, when the film reverts to some extent to its initial 
rientation. 

On a metal surface, polythene molecules are found to be relatively mobile. 

‘hey may be oriented mechanically to produce a structure basically similar to 
iat of stretched films. 
Polythene emulsion has a structure very different from that of the crystalline 
Im and may, in fact, be described as of an amorphous character. ‘There is, how- 
ver, some evidence of a small proportion of crystalline polythene. The structure 
€ the emulsion shows great similarity to that of liquid polythene. 
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EFFECT OF TEMPERATURE ON THE STRUCTURE} 
OF HIGHLY POLYMERIZED HYDROCARBONS 
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ABSTRACT. An investigation into the effect of temperature on the structure o 
polyethylene (polythene) is made over a range extending from the temperature of liquid 
oxygen to temperatures at which polythene exists in the liquid condition. The following 
main conclusions emerge. 

As with much lower polymers, the ratio a/b of the two axes increases with temperature,}f} 
and tends to the value for a pseudo-hexagonal structure, but this value is never attained)}] 
since fusion sets in first. 

A change from a crystalline to an amorphous pattern occurs at temperatures whichj 
are below those generally taken as the melting point, but which agree with that for which 
polythene transforms from a wax-like to a more transparent solid. ‘The transition 0: 
structure extends over a number of degrees, and in this interval crystalline and amorphous 
patterns are superimposed. 

Orientation present in crystalline films is retained when the films are heated to tem: 
peratures well above the melting point, and subsequently cooled. 

A preliminary discussion is made on some of the points raised by the observations. 


$1. INTRODUCTION ' 

N the previous paper (Charlesby, Proc. Phys. Soc. 57, 496, 1945), the structure 
| of an ethylene polymer of high molecular weight (polythene) was studied aif! 
room temperatures by means of electron diffraction. In thin films the poly} 
mer presents a structure similar to that of the shorter hydrocarbons C,,Hg,, +» | ; 
but, due to the enormous lengths of the molecules, the intermolecular distances i | 


the direction of the c axis play an inappreciable réle in the structure. The sa 
of the end group —CH = CH, in the high polymer may, under suitable conditioul 
modify the structure by tilting the molecules relative to the plane of the film. 
‘The investigation described below is an extension of this work and sum 
marizes the influence of temperature on structure down to the temperature o 
liquid oxygen and into the region in which polythene exists in the molte 
condition. Although the results obtained for liquid polythene appear to be olf 
considerable interest, a full critical examination and discussion are postponed) i 
to a later paper. 


i 


| 


i 


§2. APPARATUS 

Electron-diffraction patterns were taken with a Finch type of camera. Twa} 
modified types of specimen carrier were designed to permit the temperature © t 
the specimen in the evacuated camera to be altered at will. The first type wall] 
primarily designed for temperatures below room temperature, but could be used}! 
up to about 60 or 80° c. The second enabled the specimen to be heated fron} 
room temperatures to well above the melting point of polythene. 
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The low-temperature design (figure 1) consists essentially of two concentric 
‘opper tubes bent upwards at one end and soldered together. The space between 
hese communicates with the main vacuum of the camera at the other end and thus 
erves partially to insulate the inner tube thermally. The inner tube ends in a 
leavy brass disc P bearing a screwed rod. 

The specimen, usually mounted on a strip of nickel gauze, is clamped to a 
hort holder attached to this rod. It is surrounded by a shield S, which is a 
lose-sliding fit on tube T. In this shield two apertures are provided for the 
ncident electron beam and for the diffracted beams. Each of these apertures 
s surrounded by guard rings to trap water vapour which might otherwise condense 
mn the specimen at low temperatures. 

The device is carried by a brass disc sealed to the outer tubing. It is pressed 
nwards by the pressure of the atmosphere, and is prevented from sliding down- 
vardsbyringR. The carrier C is of the standard pattern ; by means of adjustable 
crews used in conjunction with springs and tombac tubing, it permits the position 


fe Cea 


R R' 


Figure 1. 


| 

nd orientation of the specimen to be adjusted. It is mounted against a standard 
ort of the camera, and is held in position by a ring R’ and lug L. Rubber gaskets 
;, G’ are provided to increase the heat insulation of the cooling chamber T. 

In operation, the prepared specimen is fixed to the cooling chamber and the 

yield mounted in a suitable position over it. ‘The complete carrier is fixed in 
1e camera, which is then evacuated. Only when this process is completed is. 
quid hydrogen introduced into the cooling chamber, as this procedure reduces 
1e possibility of ice condensing on the specimen. ‘The electron beam is scanned 
ver the small portion of the specimen visible through the aperture, and when a 
litable adjustment is obtained the plate is exposed. Finally the vacuum 
broken and a check is made to ensure that some liquid air remains in the cooling 
ibe, thereby verifying the temperature of the specimen. 
- For higher temperatures the cooling chamber is filled with hot water through 
hich steam is passed from an external boiler. ‘The temperature is read from a 
.ermometer placed in the water. Unfortunately this method is limited in range 
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and the temperature readings cannot be relied upon to give the temperature of 
the specimen, which is fairly distant from the thermometer. 

In the construction of the carrier the specimen is situated in what may bé 
considered as a constant-temperature enclosure. Some heat losses occur, mainlyj 
by radiation, and wherever possible the apparatus is constructed of heavy meta 
to ensure good thermal conduction, and hence thermal equilibrium, over thq 
surface. Some very slight temperature differences may arise on the specime 
due to direct radiation to or from the camera walls through the aperture 
The amount of heat supplied to the specimen by the destruction of kineti 
energy of scattered electrons in the incident beam is too small to be appreciableq) 

Experiments with the first type of apparatus were sufficient to indicate | 
variation of spacings with rising temperature. ‘The second apparatus permity 
a more accurate control of temperature as well as a more extensive range. If 


consists of a demountable furnace, electrically heated in the vacuum, and held af 
the end of a paxolinrod. As before, the specimen is mounted on a nickel | 
clamped to a short holder, which is screwed to a stout brass plate. The cylindrica 
furnace also screws on to this plate and is heated by a layer of high-resistane} 
wire wound on asbestos paper. Apertures are provided for incident and emerge I! : 
electron beams. | 
A thermocouple passes through the base plate and is fastened to the nickel : 
gauze, which is bent down over it. ‘The temperature within the enclosure i 
sufficiently uniform, the only appreciable loss being by radiation. Although thi 
thermocouple was mounted several millimetres from the portion of the specimef#} 
under examination, there is no reason to believe that the temperature measureff} 
was in error by more than a few degrees. ‘The thermocouple was standardizelf: 
against a standard mercury thermometer both before and after the set | 
experiments. ; 


| 


$33 PROCEDURE 


Thin films of A polythene, suitable for electron-diffraction examination, werll! 
prepared by evaporation of a drop of xylene solution on a hot water surfaod ; 
The results are summarized in table 1. Specimens A-G were mounted olf) 
nickel gauze, I on a thin methyl methacrylate film mounted on gauze, while tf 
and J were mounted on a very fine meshed gauze. | 

The change in lattice dimensions of hydrocarbons resulting from thermal} 
expansion has been discussed fully by Miiller (1930, 1941) who has shown thal 
any increase in the c axis must be very slight, whilst an increase in both the absolutil 
values of the a and 6 axes, as well as of the ratio a/b, is to be expected. In thi! 
present experiments attention has been confined to change in shape, as, in thi 
absence of a calibration standard, absolute changes in dimensions (which ar 
in any case small) are more difficult to determine than relative changes. 

In all the measurements of crystalline polythene given in table 1 the measure 
ments of the 200 (3-714 a.) and 020 (2-467 a.) spacings were made relative tl 
110 (4-109 a.), chosen as a standard. With increasing temperature the a a { 
is found to increase in length relative to the b axis, a result in agreement wit 
measurements on short hydrocarbons, and which derives from a tendency t 
assume a pseudo-hexagonal structure at higher temperatures. 
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Some estimate of the accuracy of the measurements given in table 1 was | 
obtained by measuring several of the clearer patterns on two or three occasions 4] 
the extent of agreement served as a measure of the accuracy involved. | 
The change in shape is best traced from the change in the ratio a/b, and is: 
relatively greater over the temperature range 20-80° than it is from — 183° c.f 


1-56 | 


-183° 207 60° loo°c 


Figure 2. Variation of a/b with temperature. 


| 
1 
to 200° c. This is to be anticipated from the rapid rise in the repulsive forces | 
between two approaching atoms. As the amplitude of thermal vibrations | 
increases, the skew form of the negative potential-energy curve results in an|f} 
increased average distance between atoms as shown in figure 2. | 
| 
| 
| 


§4. CHANGES IN STRUCTURE 


At temperatures of about 90°c. a profound change in structure occurs,’ 
which is evidenced by the transformation from a ring to a halo pattern. The|f 
centres of the haloes correspond to spacings of about 4-6, 2-15 and 1-22 a., all ] 
calculated from Bragg’s law. These must be identical with the diffuse band at | : 
4-5 to 4-6 observed for liquid hydrocarbons (e.g. Miiller, 1932), so that at tem- | 
peratures well below the point generally accepted as the melting point the | 
structure of polythene must be that of a liquid. It is known that at temperatures] . 
of this order polythene assumes a more glass-like appearance, and the change in| 
transparency must be associated with the more amorphous character of the | 
pattern obtained. It is of interest to note that many other transparent polymers, | 
e.g. methyl methacrylate, give rise to electron-diffraction patterns which are) 
very similar in their general appearance, but differ somewhat in the spacings, 
relative intensities and width of the innermost haloes. | 

Miller (1932) has shown that as the temperature is raised the structures of }) 
hydrocarbons C,,H,, to C,,H;, assume a state of pseudo-hexagonal symmetry | 
before reaching the liquid state, but this is no longer true for CygHgy and longer } 
molecules, in which the liquid state is first attained. In the hexagonal structure | 
three adjacent molecules define an equilateral triangle (6=60°) ; in polythene} 
the liquid state is reached when ¢ is about 57°. 

Before the hexagonal structure is attained, hydrocarbons C.,H5, and above | 
pass through a transition point, in which the structure shows an abrupt change 
in dimensions. In Cy9H¢o, for example, the length of the a axis increases by] 


Effect of temperature on the structure of hydrocarbons 515 


% Within a fraction of a degree. The expansion of the polythene lattice has 
ot been traced very closely, but an expansion of this amount does not occur 
elow the melting point. The absence of a transition point for polythene is in 
ny case to be anticipated, since already for C,,H,, transition and melting points 
most coincide. 

Of considerable interest is the occurrence together of both halo and ring 
attern (e.g. specimen J, plate 5060). This coincidence of the two types of 
tructure may be detected on a number of plates in the neighbourhood of 85°. 
Iver a temperature range of perhaps 10° amorphous and crystalline structure 
nay co-exist in a small portion (<10-? mm?) of a thin film. 

This extended range of melting is a strong argument in favour of that theory 
f the structure of high polymers which envisages the solid as consisting of a 
1umber of crystalline regions, held together by molecules common to the structure 
f several of these regions. Since the forces of cohesion of these molecules must 
renerally be lower than those situated in the bulk of the crystals, the former will 
irst be freed as the temperature approaches the melting point, and form an 
morphous or liquid system. ‘The more perfect crystalline regions will continue 
o exist in equilibrium with the liquid (i.e. amorphous structure) until higher 
emperatures are reached. 


§5. COMPARISON WITH HYDROCARBONS OF LIMITED LENGTH 


In the absence of absolute measurements of the axial dimensions of polythene 
it different temperatures, no direct comparison can be made between its expansion 
ind that of shorter hydrocarbons such as Cy3H,4, and CygH¢o, studied by Miller. 
\ comparison of the shape of the cross-sectional area may, however, be made in 
erms of the axial ratio a/b at various temperatures. ‘This is shown in table 2 
t room temperatures, at temperatures a few degrees below the melting point, and, 
n the case of CygH¢o, immediately below and above the transition point. 


Table 2. Variation of a/b at various temperatures 


Liquid air Room ‘Transition . Below 

or oxygen temperature point melting point 
Polythene 1-49 1-505 1E55 
Caglleg 1-47 iS OY jhoSmlss — shocexOyil 1-662 
CigH4s 1-496 1 °73 


Note : 1-73 corresponds to a hexagonal structure. 


It is obvious that the change in dimensions becomes progressively smaller 
n the higher hydrocarbons, in spite of the more extensive temperature range 
vailable. 

The comparison is of interest from the point of view of the character of the 
hermal vibrations of the hydrocarbon chain. In the past it has been suggested 
hat these vibrations occur mainly by a bodily rotation of molecules about their 
xis. Further work (e.g. Miiller, 1940) has shown that tensional vibrations 


j 


| 


516 A. Charlesby | : 


of the molecular chains must play an important part. In the polythene the length | 
of the molecules precludes the possibility of appreciable bodily rotation. The) 
magnitude of the torsional vibration may to some extent be gauged from | | 
the deformation of the structure from its initial dimensions at liquid-air } 


temperatures. | 


§6. PERSISTENCE IN ORIENTATION } 


All the films studied were produced by evaporation on the water surface and |] 
showed the {20} form of orientation produced under these circumstances. This) 
orientation is readily detectable by a study of the relative intensities of the diffrac- | | 
tion rings, especially if the film is not normal to the incident electron beam. | 
Present experiments permit an investigation into the extent to which this orien- 
tation is conserved at higher temperatures. } 

In tilted specimens the initial orientation present may be best judged from | 
the arcing of the 020 reflection, which is most intense in a direction parallel to) 
the axis of rotation of the specimen. In all halo patterns no orientation is detect-| 
able, even in tilted specimens. | 

At low temperatures (— 183° c.) the orientation pre-existing at room tempera- |f) 
ture remains unaltered. As the temperature is raised to 80° c., there is no appre-’ 
ciable change in the orientation, the 020 remaining arced, although there is an 
overall reduction in the intensity of the reflections relative to the 110. 

In specimen I an examination of the structure was made after the specimen} 
had remained in the amorphous condition (corresponding to a liquid structure) |} 
for a period of nearly one hour. Some orientation was found to persist on cooling | 
to 65°, even though the specimen had previously reached a temperature of 117°.f 


this treatment the remaining orientation was still strong. 1H 

It may be suggested that re-orientation occurs subsequently to cooling under|f 
the influence of the gauze support or of surface tension. Neither of these 
suggestions can, however, account for the type of tilted orientation actually/f] 
observed, which is typical of films oriented under the action of the water surface. | 
In a globule of molten polythene in which the molecules are arranged at random\, 
no forces can exist which, when the film is cooled, re-orient the molecules at an\f 
angle to the surface similar to that produced on a water surface. | 

The important conclusion is therefore reached that in thin polythene films, J 
and probably in all molten high polymers, the initial structure of the solid is to a | 
considerable extent preserved in the molten form for long periods. The oriented }) 
molecules may then serve as a nucleus of condensation in the subsequent process 
of solidification. 

The present experiments give strong evidence in favour of the hypothesis) 
that crystal structure is to some extent retained in the liquid form. 
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§7. STRUCTURE .OF LIQUID POLYTHENE 


X-ray diffraction patterns of hydrocarbons consist of a diffuse halo, the 
pacing of which corresponds to 4:5 to 4-6. if Bragg’s law is used to translate 
istances measured on the x-ray plate into spacing between planes. The haloes 
btained from polythene films at temperatures of 90° c., and which persist at least 
ip to 168° c., must be of a similar origin. In addition to the 4-6 a. halo, haloes 
oriesponding to spacings 2-15 and 1-22 a. are observed in the electron-diffraction 
atterns. ‘This increase in the data provided renders a search for a suitable 
tructure more hopeful. 

The 2-15 a. halo occurs at a spacing overlapping reflections such as 111, 201, 
tc., and its presence may be explained as deriving from these reflections in a 
listorted or minute structure. Moreover, the 1-22 halo almost certainly corre- 
ponds to the 002 reflection, with, perhaps, an overlap from such reflections as 
92. etc. The origin of the 4-6 halo nevertheless remains obscure. 

The internal structure of liquid hydrocarbons is far from clear. If it partakes 
f a crystalline character, the minute size of the crystals accounts for the diffuse 
sharacter of the reflec.’ons observed. The application of Bragg’s law is then 
it least approximately justifiable, but the position of the haloes cannot be readily 
xplained. On the other hand, if the structure is essentially amorphous in 
character, the application of Bragg’s law requires further justification. 


§8. POLYTHENE IN THE FORM OF A LIQUID AND EMULSION 


The pattern of polythene emulsion at room temperature shows a remark- 
ible similarity to those of molten films of polythene, as is shown in table 3. 

This great similarity indicates that the intermolecular spacings and orientation 
nust be similar, and hence that polythene emulsion exists as a supercooled form 
of liquid polythene. 

A further specimen of polythene containing a very small percentage of extra- 
1e0us matter was examined after standing for about one year. ‘The patterns 
»btained were more nearly crystalline with spacings corresponding to those of 
srystalline films. The sharpness of the rings showed that the crystals could 
10t be very extensive. Moreover, the intensity distribution was such that the 
srientation of the films produced by evaporation on a water surface no longer 
sxisted. In most cases only the 110 reflection was observed. 


Table 3 
A. A. 
Molten polythene Average of 4-6 PEAUS 1:22 Centre of haioes 
10 plates 4-1-5-0 2-05—2-25 ee Width of haloes 
Emulsion Average of 4-6 22 1:2 Centre of haloes 


2 plates (3-6) 


§9. CONCLUSION 

As the temperature of a film of polythene is raised, its structure is modified 

by the tendency to form a pseudo-hexagonal structure. his is not, however, 
wchieved, as melting sets in at a lower temperature. 
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Polythene in the molten condition presents an amorphous structure, repre) 
sented in the electron-diffraction pattern by three haloes at 4-6, 2:15 and 1-22 a., 
that at 4-6 a. being the most sharp and intense. Over a range of several degrees the} 
amorphous and crystalline types of structure co-exist throughout the film. That} iN 
the melting point of polythene is not sharp is common knowledge, but it is of] 
interest to find this associated with a gradual transition from the fully crystllaay 
to a fully amorphous structure. In shorter hydrocarbons the transition is far} 
more sudden. It may be argued that molecules of varying lengths form corre-| 
sponding crystals with varying melting points, but this cannot be supported by| 
the evidence, since the temperature region in which the transition from crystalline} 
to amorphous structure occurs is far lower than that to be anticipated for crystals) 
of lengths approximating to those of the highly polymerized molecules. If} 
the change in pattern is due to breakdown of crystal structure, the individual| 
crystals must be far shorter than the individual molecule. Thus, at room tem-} 
perature, molecules must enter into the structure of a number of these crystals. | 

It is then reasonable to assume that some molecules are more loosely held, | 

tq 
I) 
I 


ee 


and on being released from many of their bonds at temperatures below the melting | 
point of the bulk crystal form the amorphous phase. As the temperature is 
further raised, the proportion of crystalline structure rapidly decreases. 

The region in which the transition from crystalline to amorphous structure 
occurs extends over a number of degrees, but, certainly as far as can be judged |f' 
from the electron-diffraction pattern, the change is complete at temperatures | 
below the melting point as the latter is generally understood, and, moreover, | 
appears to coincide with the usual transition to a more glass-like material. 

The conservation of the orientation initially present in the films even when |f* 
these are heated to 168° c. shows that the molecular arrangement is not entirely 1 
random even at temperatures well above the melting point. Further work is]! 
clearly desirable on the rate at which the initial orientation is lost when the film | 
is held in the molten state for varying periods. These considerations lead one| 
to envisage a statistical fluctuation of temporary crystallinity over small regions, | 
sufficient to ensure mobility above the EIS point, over macroscopic periods | i 
of time, yet serving to retain some ‘“‘memory”’ of initial structure. ii 


it 
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NOTE ON DIFFUSION IN THE IONOSPHERE 
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IBSTRACT. The equation of diffusion for a one-dimensional region in which the 
oefficient of diffusion varies exponentially is solved, and the results applied to the diffusion 


fions in the ionosphere. Numerical results are given for three special initial distributions 
f ion density. 


| The general equations, including diffusion, recombination and _ ion 
production, were set up by Hulburt (1928) but are quite insoluble. 
tecently Bagge (1943) has shown, by numerical integration in a special case, 
hat diffusion will greatly reduce the ion density in the upper parts of a Chapman 
egion, although it leaves that near the maximum unaltered. 

The object of this note is to set out briefly the results for one case in which 
he exact solution is possible, namely, that of an atmosphere in which the particle 
lensity varies exponentially with height, and in which the effects of recombination 
nd the earth’s magnetic field are neglected. ‘This allows an estimate of the 
ffect of diffusion to be made which may be useful in the higher regions, where 
ecombination is of less importance. The neglect of the earth’s magnetic field 
3, of course, serious ; its effect is considered briefly later. 

_ Let N be the number of ions per c.c. at height z, and let 1/4, supposed constant, 
e the scale height of the atmosphere, so that the coefficient of diffusion at height z, 
hich is inversely proportional to the particle density at this height, may be 


rritten RO Ge Wit sh ioe f (1) 


T HE effect of diffusion of ions in the ionosphere has been very little studied. 


there x is aconstant. Then if J(z, 7) is the rate of ion production at height z 
t time ¢, the differential equation satisfied by N is [cf. Hulburt (1929) or Bagge 
1943)] 

oN 


=a (2, t)=0. setae (2) 


car(2N 4 9528 
Oz? Oz 


“f 26 4 iN ) 


Since in practice we are only interested in large values of z, and those ions 
hich diffuse to smaller values of x will be removed by recombination, it is 
ifficient to consider (2) in the region — oo <z<o with the boundary conditions 
J finite as z+ 0. We proceed to solve (2) in this region for ¢>0, with a given 
litial value N(z) of N when t =0, for the case* (2, t) =0. 


* There is no additional difficulty in including ion production, but it is perhaps pushinga 
mple model too far. 
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y=Ne™, eae, — 9 ee eee (3) 
(2) becomes in the case I(z, t) =9, 
0 [ oy 1 oy 0 4) | 
— See, — = = VU*— <i <OO) oes reeee aif ) 
Ox («2) - Kb? ot 
to be solved with 
yfinite as x>0, and asx>0, nee (5) 
and with : 
1 1 1 | 
y>Vo(x) = yo G In =) as [S02 =) Ae (6) 
The solution* of (4), (5) and (6) is 
“sires Da/(ue)\ —eesuypane nll 
Jie sa; [ vole) ( Big | ON ae te (7) | 


We shall write & for the dimensionless quantity : 


RSkhpo eee (8) | 


It is easy to verify that (7) satisfies the differential equation and initial andi} 
boundary conditions. 
To illustrate the behaviour of the solutions of (4) we consider two cases 1 
which (6) takes a specially simple form. 
Case (i). No(z)=95(%— 2%), where 6 is the Dirac 5 function, that is, a conce 
tration of mp ions is released at ¢=0 at the level z). In this case the solution is 


N x, (2 0) —(a-+a9)/k 9 
A fe —— 3 oe See (9) 


where-x) =e, 


The right-hand side of (9) as a function of x involves only the quantity k, b 
if we express it in terms of z, 5 appears as well. As the results are a little mor} 
physical when expressed in terms of z, they are plotted in this way in figures 1 an4 
2 for the value b=2 x 10~* corresponding to a scale height of 50 km., that usuall} 
observed in the F region. Figure 1 shows the diffusion of a concentration 
Mp ions initially at z9=200 km., and figure 2 that of a concentration initially af 
%)=400 km., for various values of k=«xb?t. A large downward motion is all 
once apparent. Whether this is of physical importance depends on whethe} 
values of k of the order of those for which the curves are drawn can be attained 
in practice. ‘The coefficient of diffusion at any height is 0-41yu, where y is thi 
mean free path at that height and wu the mean molecular velocity. ‘Taking thi 
value of y at 250 km. to be 10® cm. (Hulburt (1937), table 1) and for u its value af 


| 
220° k., 10° cm. per sec., we get 4-1 102° for the value of the coefficient of diffusio | | 


* For the method of solution using the Laplace transformation, see Carslaw and Jaegei# 
Operational Methods in Applied Mathematics, § 68 (Oxford, 1941). I(x) is the modified Bess# 
function of the first kind of order zero. 
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Figure 1. Diffusion of a concentration of ions initially at 200 km. Scale height 50 km. 
The numbers on the curves are the values of k. 


N/bN, 


0 100 200 300 400 500 
Height : km. 


Figure 2. Diffusion of a concentration of ions initially at 400 km. Scale height 50 km- 
The numbers on the curves are the values of k. 
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If we give 6 the value* 2x 1077 obtained from the scale height, 50 km., of tl 
F region, we have from (1), for =2:5 x 10’, | 

Ke? = 4-1 x 10°, 
that is. «=2°8 108. It follows that, with these values of « and J, k has the val 
0-04 at the end of an hour, so that values of k of the order of those in figures 1 toy 


seem quite possible. ; | 
Case (ii). Another case in which the integral (7) can be evaluated simply | 


that in which the initial distribution is of the familiar Chapman type, say 1| 
N(x) =N'xte*, vee ee (10) |] 


a4 


N/n' 


0-2 


o 100 200 300 400 500 
Height : km. 


Figure 3. Diffusion of a distribution of ions which is initially of Chapman type. 
The numbers on the curves are the values of k. 
where x is given by (3). In this case we find 
N=N'x(a/kk')te- #8) 2k T(00/2RR’), owiee'e ea 
where k is defined in (8) and k’=1 +ke. | 
In figure 3 curves of (11) for the case c= 80, b=2 x 10-’, and various values q 


k are given. The tendency for the upper ions of a theoretical Chapman regio 
to move downwards by diffusion as described in Bagge (1943) is clearlyshown. 


* If values of b based on the kinetic theory are used, for example those deduced from Hulburt 
(1937) table 1, much smaller values of k are obtained, but these do not allow for the probab 
high temperature at these levels. 
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The effect of the earth’s magnetic field is to leave the coefficient of diffusion 
altered for diffusion along the magnetic field, but, for diffusion across the 
agnetic field, in place of xe’, we have 

Ke 
1ere @ is a known constant depending on the field. The resulting equation 
not soluble in terms of known functions. In temperate latitudes the effects 
scribed above will not be altered greatly, but at the magnetic equator vertical 
fusion will not be an important agent for removing ions from high levels. 
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foHE PHOTOGRAPHIC ACTION OF X RAYS 
BN on eel, 


Physics Department, Hammersmith Hospital, London 
Communicated by Dr. L. H. Clark, 20 May 1945 


3STRACT. An account of theoretical considerations of the photographic action of 
cays, based on the absorption process of x rays in photographic emulsions, and found 
be in good agreement with experimental results, is presented in this paper. An 
uation giving the variation of the photographic action with wave-length is deduced. 
msideration is given to the number of grains made developable per absorbed photon. 
1e conclusion is reached that the energy required to make one grain developable is, 
‘a given emulsion, constant for effective wave-length from 47 x.u. to 395 x.u. 


Si INDRODUCEION 

JHE results of previous investigations show that the shape of the density- 
[ exposure curve is essentially the same for different qualities of radiation 

(Glocker and Traub, 1921). Berthold (1925) found that in order to 
oduce the same density with x-ray beams of different penetrating power, more 
ergy must be absorbed in the emulsion from a penetrating radiation than from 
less penetrating one. Similar investigations (G. E. Bell, 1936; E. E. Smith, 
43) with heterogeneous x rays show that the exposure, expressed in roentgens, 
quired to produce a certain density passes through a minimum in the region of 
25 mm. copper H.V.L. 
_M. Blau and K. Altenburger (1922) and L. Silberstein (1922) assumed that 
‘any stage of the exposure the number of affected grains (7) is proportional to 
e number of unaffected gains, 1. e. 


UN UN—7)e Gl ne Oe gt | Ve yee (1a) 
here N is the total number of grains per unit area, ¢ is an arbitrary factor and 
he exposure. 
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On integration, we find 


n=N(1=e—"). eee (15) 

L. Silberstein (1922) regarded each grain as presenting to the photons a targe 

of area a, and gave equation (10) in the form 
n=N(1—Ee er) eres (1¢) 

where Q is the number of incident photons and f an arbitrary factor. TI 
meaning of 6 has been differently interpreted : by L. Silberstein and A. P. 
Trivelli as the fraction of the area of a grain which acts as an efficient target fa 
light quanta, and by A. Charlesby as the probability of agrain becoming developabl 
when struck bya photon. The density is taken as proportional to the number ¢ 
grains, and it was found that the density-exposure curves for X-ray exposure 
can be well represented for moderate densities by an equation of the form q 
equation (16) (Bell, 1936 ; Charlesby, 1940). It can be shown that the speey 
of a photographic emulsion determined in the usual way from the curve of densit 
against log (exposure) is proportional to « whenever the density-exposure cur 
can be represented by (16) ; ¢ is sometimes referred to as the speed in this papei 
The following considerations show that the arbitrary factor « can be evaluate} 
from the absorption process of X rays in the silver halide of the emulsion and thj 
known number of incident photons per unit area, when the exposure is expresseif| 
in international roentgens. 


§2. THEORETICAL 


The number of grains affected, , will be proportional to the number q 
quanta absorbed, and to the number of grains which each absorbed quantal 
renders developable, as well as to the probability of a hitherto unaffected grail 
being affected. Taking q to be the number of photons absorbed and 7 the numbe 
of grains affected per quantum absorbed, then 


N=n 
dn= Lo a Ty Ie 
na" dg 0) 


From the known absorption of x rays ([=J,e), the number of quant 


absorbed is found to be dg=(1—e *)\ dO, <> een (3) 


where Q is the number of incident quanta, ,./p the mass-absorption coefficiertf]| 
of silver bromide or silver chloride, and g the total amount of silver halide in gran 
per sq. cm. of emulsion. ‘The amount of silver in the emulsion is of the ord@ 
of 10~* per sq. cm., so that for the qualities of x rays used in this investigatio 
(3) can be simplified to (3 a) with an error not exceeding 1% : 


dq= 7840. ee. (3a) 


‘The total amount of silver bromide is Ny, where y is the mass of the undevelope#f} 
grain, and substituting (3a) in (2) gives 


dn=(N—n)y - ydO> 2 eee (4) 


For X rays measured in international roentgens (r.) the number of quanta pé 


sq. cm. cross-section of the beam can be calculated from the energy necessart 
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o liberate one pair of ions in air (35-5 ev.) and from the definition of the roentgen, 
nd is found to be 


a Ar 
© Goa 
vhere A is the wave-length in Angstrom units, + the photoelectric absorption, 
nd o, Klein-Nishina’s scatter-absorption coefficient in air. 


Substituting the value for the number of incident quanta (5) in equation (4) 
sives the final expression, 


<x 0-597 x 107, 


dn=(N—n)Any dr, 
where 
epee 023 08 ee (62) 
(7 + Oa) air 
Integration from 0 to r yields 
Hew 6g) A me ete (7) 
Comparing equation (7) with equation (16) we see that the exponential 
actor « is now expressed as a function of separately assessable terms and ele- 
nentary constants when the exposure is expressed in international roentgens : 
e=Any. 
The proportionality between the speed (e) and the average mass per grain as 
ndicated in equation (7 a) is obviously in contradiction to the work of L. Silber- 
tein and A. P. H. Trivelli (1930) and of A. Charlesby (1940), and will be referred 
o in more detail in the discussion of results. 
For photographic work, the measurement of densities is, of course, preferable 
0 counting the number of grains, and a few remarks about the connection between 
he number of affected grains, development and the resulting density may be 
nserted here. In general only a fraction « of the affected grains will be developed, 
ind equation (7) can be written 
= CMU =a \e Oe a om ee (75) 


The fraction « can be calculated from the increase of density with time of 
levelopment. 

From a consideration of the combined transparency of a number of layers in a 
yhotographic emulsion, P. G. Nutting (1913) deduced the formula 


A= -plog(1- >), oe (8) 


vhere d is the observed density, p the number of layers, defined as the thickness 
yf the emulsion divided by the average thickness per grain, and S the total 
projected area of the developed grains. IfS/pis small compared with p, equation 
8) can be approximated by Nutting’s simplified formula, 
d= 02434356) aoe le) EN cea (9) 

The number of grains affected, as expressed in equation (7), and the corre- 
ponding density as expressed by (8) in connection with (7), will be strictly valid 
or emulsions consisting of grains of equal size and approximately valid for 
mulsions with relatively small variation in grain-size. 
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For measurements in the region of low densities, when the density can be 
well approximated by equation (9), equations (7 5) and (9) combined give 
d=0:4343aaN(1—e~*), «soe OD 
where @ is the average projected area per grain. For small values of the term inj] 
the exponent, and low densities, i.e. as far as the familiar linear portion of they 
density-exposure curve is in the region of low densities, equation (10) can be} 
further simplified to 
d=0:4343aaNAnyr. + slemtan (11) 
Substituting g=Ny as before gives the most convenient expression for low} 
densities in slow emulsions of high contrast, namely, 


d_.0.-43430a4ne, 9a = (11a) 
(fh 


The error incurred in these approximations calculated for the emulsions used} 
in this investigation from the known difference between equations (8) and (9) 
and between equations (10) and (11) respectively is up to 4% for one of the} 
emulsions chosen for experimental investigation (film Y) and below 1% for film X] 
for densities smaller than 0-5 ; the simplified equations were therefore used for 
film X only. 


§3. EXPERIMENTAL 


The equations resulting from the theoretical considerations of the first part} 
contain, with the exception of the quantum efficiency y, factors which can bel 
either calculated or determined without recourse to x-ray exposures. To | 
test the validity of the theory an experimental investigation into the dependence | | 
of the photographic action of x rays on wave-length, and a comparison of measured 
densities with calculated values was undertaken. 

Two types of commercial film with widely different characteristics, as shown 
in table 1, were chosen for experimental investigation.* The films were exposed | 


to X rays in a special cassette made from 1/,,-inch brass sheet, which permitted 


Table 1 


Total amount of silver Average diameter of 
Film bromide (gm. per sq. cm.) the developed grains (cm.) 


xX C2 es 0-8 x 10-4 
W 2 Ox Om S10 alOine 


the exposure of a strip of 2 cm. and accommodated up to 25 mm. thickness of 
lead above the part of the film not intended for exposure. The film was enclosed |} 
in thin black paper, backed by about 1/,, inch of cardboard and slipped into a | 
black envelope, similar to the usual double wrapping. No influence from back- |} 
scatter from the backing materials could be observed. The exposures were 
controlled by ionometric measurements, for which instruments calibrated at 


* ‘Thanks are due to Mr. R. Tupper, of the Department of Chemistry, British Postgraduate 
Medical School, who determined the amounts of silver per unit area quoted in tables 1 and 3. {ff 


: 
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> N.P.L. against the standard free-air chamber were used. The error of the 
1ometric measurements was + 3°, for radiations up to H.V.L.=2 mm. Cu, and 
unlikely to exceed +5°% for the harder radiations. The radiation from three 
ray tubes, excited by constant-potential generators, covering a range from 90 
500 ky., were used in order to obtain x-ray beams within a wide range of pene- 
ting powers for the exposures ; the target-film distances were varied between 
and 150 cm. to allow suitable times of exposure. In some of the series, standard 
‘ts exposed on each film served to eliminate the possible influence of differences 
development, and in all cases all films belonging to one series of experiments 
re developed in the same developer within as short a time as possible. Specular 
nsities measured with a microphotometer and_barrier-layer cell calibrated 
ainst a step-wedge could be reproduced within + 2%. 


lomo 50 loo = 200 500 1000 2000 


As the silver in the emulsion is the dominant factor in the absorption process 
1ich leads to the photographic action, the determination of the effective wave- 
igth of the heterogeneous x-ray beams used was based on absorption measure- 
ents in silver in preference to the more usual copper. Comparative measure- 
ents showed variations in the measured effective wave-length of about 3 x.u. 
- the hardest radiations, rising to 10 x.u. for the softest radiation used. The 
sorption coefficients used were derived from various published data (Compton 
d Allison, 1935 ; Jones, 1936 ; Victoreen, 1943). 

Figure 1 shows calculated values for A as defined by equation (6 a) for wave- 
eth of 20 to 1000 x.u. plotted on logarithmic scales ; the broken line refers to 
lues of A when (7+ oa) agpr instead of jagpr is used in equation (6a). According 
equation (7 a) the speed, and similarly, according to equation (11 a), the density 
r roentgen on the linear portion of the density-exposure curve would be propor- 
nal to A for radiation of different penetrating powers if 7 were independent 
PHYS. SOC. LVII, 6 36 
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of the effective wave-length, the other factors being naturally unaffected by ther 
wave-length. The experimental results of exposures to x rays from A= 47 X.U. to } 
395 x.U. are included in figure 1, and represent values for the speed for film ¥ 
and values for the density per roentgen for film X (see table 2). a 
values (1925) for the density divided by arbitrary units of ionization measured withy 


fl 
monochromatic beams are included to extend the comparison into the region 
of the K-absorption edges of silver and bromine. All values were arbitrarily] 


matched to the curve at one point. 


Table 2 
Fil Marked in Experimental values 
me figures 1 and 3 in terms of 
xX + density per r. (constant d) 
Ni © « from density-exposure curves 
corrected by (8) 
— x Berthold (1925) density per 


arbitrary unit of ionization 


Figure 1 shows that the wave-length dependence of the photographic actio 
is essentially the same for the different ways of derivation from the density- 
exposure curves and also the same for both emulsions used, but it also reveals aj 
wide divergence between calculated and measured values. The trend of the 
measured values compared with the theoretical values for the term A is unmis 
takable. The values for A:g. =47 x.U. are about twice the theoretical value, whilst 


6 om 
5 men 
eos 

4 = 
8} 
2 
| 
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Figure 2. 


the values for Ag =395 x.uU. are only a quarter, with a definite trend for th¢ 
intermediate values, differences which are clearly far beyond the possible errolft 
estimated above. Berthold’s values show the same tendency in the region 0 
short wave-lengths as well as between the absorption edges. 

Besides the factor A, the only parameter in equations (7a) and (11 a) whic 
may depend on the quality of the radiation used is the quantum efficiency, whicl 
was therefore investigated by calculating the number of photons absorbed an 


Vil 


th 
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unting the number of developed grains per unit area under the microscope. 
quation (11a) was used to calculate the quantum efficiency from observed 
nsities. Both methods give essentially the same results. 

Figure 2 shows for film X the number of grains actually counted per absorbed 
10ton against the “‘effective’”’ frequency as a measure of the average energy of 
e absorbed x-ray quanta. Figure 2 suggests, as indicated by the dotted line, 
linear increase of the quantum-efficiency with the frequency. ‘This means, 
ywever, as Comparison with equation (2) shows, that the number of grains made 
velopable is proportional to the absorbed energy, independent of the wave- 
ngth. ‘The elementary processes leading to these observed quantum efficiencies 
€ not easily assessed, and no theory is attempted at this stage. 

Using the Duane-Hunt relation, the observations can conveniently be pre- 
nted in the form of equation (12), where & is the number of grains affected per 
v. of absorbed energy, and, therefore, the reciprocal of k is the energy in kev. 
-cessary to make one grain developable : 


eZ OR Ae a, 8 | ete, (12) 
iserting (12) in (7) gives 
ea DRVA. = hah Be Wee ese, (13) 
here 
B = HAgBr E 7 
(ee) e HE OS es ace (14) 
d 
NG ee) eee ee 8 eh 2s (15) 
or the linear part of the density-exposure curve we may write 
2 434 5000 yee Tt nn ge (16) 


Figure 3 gives calculated values for B, plotted as log B against logaA. It 
ould be noted that the ordinate in figure 3 is drawn to twice the scale used in 
ure 1, and, therefore, the slope of the experimental values appears to be steeper. 
re fall in the efficiency for harder radiations found by Berthold does not appear 
figure 3, and was obviously due to the values for the absorption coefficients 
ed by Berthold in 1925. The agreement between experimental and calculated 
lues is satisfactory for all series, which are matched to the curve as in figure | 
using one free parameter, the calculation of which seems desirable and can be 
empted by the use of equations (13), (15) and (16). A discussion of the 
ferent factors involved may help to assess the accuracy to be expected for the 
mparison between measured and calculated values in tables 3, 4 and 5. 

Determination of the factor k involves the measurement of the quantum 
iciency at a certain stage of development, and has to be extrapolated for maximum 
velopment, because equation (13) was deduced from a consideration of the 
sorption in all grains and must, therefore, be referred back to full utilization of 
affected grains. Term B includes the absorption coefficients of silver bromide 
d air. The influence of the divergencies in the various published absorption 
sficients has to a certain extent been eliminated by the choice of silver for 


» absorption measurements in the present investigation ; the absorption 
20-2 
3 
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coefficients for air are calculated values for the whole range. The photometrig 
constant defined as the amount of silver per unit area divided by the density carl 


be calculated from the value for the average mass per grain (y), involving, apary 
from the measurement of density and mass of silver per unit area, the estimation | 
| 
i 
| 
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1 
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Figure 3. 


of the average area per grain based on the microscopically measured averagif’ 
diameter per grain, i. e. the square of the diameter and the shape of the grain wil 
influence the result. The composition of the emulsions used from vario 
classes of grain might to a certain extent influence the calculation from basi) 
data, although it does not influence the arbitrary values in figure 3. I 


Table 3 | 

Photometric Photometmg | 

Rk grains/ y calc. constant constant |] 

Film \xX.U. © meas. 7 -meas. kev. em./grain calculated measured | 
(gm./dm?) (gm./dm?) | 

xX 395 0-03 Des) 0-073 4°8x 10-14 1:0x 10-8 1:1 x 10-3 | 

it 

WY 87 0-73 68 0-48 Oss 203 Gl Ome 33x 10-9 | i} 


Table 3 gives, for the two emulsions used, measured values for the factor | 
and for the quantum efficiency (7), the latter being corrected for maximum develo 
ment. ‘The values for the number of grains made developable per kev. absorbe 
are calculated from equation (12) using the corresponding values for the quantu: ] 
efficiency. ‘The average mass of AgBr per grain (y) calculated from equation (1 
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‘as used to calculate the photometric constant in grams of silver per sq. dm., 
o form factor (Arens, Eggert and Heisenberg, 1931) for the influence of the shape 
f the grains being taken into account. The agreement between calculated 
nd measured values for the photometric constant can be considered satisfactory, 
nd this comparison serves as a test for the validity of the theoretical considerations 
st out in this paper. 

For the calculation of densities for emulsion X from equation (16) in table 4, 
1e relevant factors were taken from tables 1 and 3. In table 5, similar calculations 
or film Y using equations (15) and (8) are shown, the total number of grains per 
q. cm. (NV) having been calculated from the measured total of AgBr per sq. cm. 
table 1) and the value for the average mass per grain (y in table 3). The general 
Zreement for various wave-lengths is shown in figure 3, and only a limited number 
f values is given in tables 4 and 5. 


Table 4 
Film X; 0°4343adgk=43 x 10-14 


d effective 
kv. Filter SeUE B Exposure r _—d meas. d calc. 
400 2mm. Sn. 60°5 Bats SO 28-0 0-428 0-458 
400 Inherent 74 Syotey S< SOEs 27:4 0-683 0-66 
190 'Thoraeus i he S< KO 4-5 OSS 0-33 
190 1mm. Al 208 S22 < Oe 0-74 0-184 0-166 


‘Table 5 
BilmsysaN= 1°37 ~ 108 
A effective 
kv. Filter We Exposure r d meas. d calc. 
190 Thoraeus 119 0-297 1-08 1-08 
400 2mm. Sn 60:5 2-04 1:96)5) 1-46 
475 4-5 mm. Sn 47 DUS 1-41 195 


§4. DISCUSSION OF RESULTS 


In disagreement with the assumption of previous workers (Silberstein and 
rivelli, 1930 ; Charlesby, 1940), the theoretical findings and experimental 
sults described above indicate that the speed of the emulsion is proportional 
the product 7 xy (equation 7 a), a conclusion of some significance and calling 
r a brief discussion. 

In the well known absorption formula 


O- Ove ™, 


| 


| 
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the number of photons (Qy) crossing a grain will be proportional to the are} 


whilst the fraction absorbed depends on the thickness and absorption coefficiex}| 
only. Thus proportionality between the number of photons absorbed and th 
area would exist only in emulsions consisting either of opaque grains or of grair}| 


of equal thickness. The highest absorption coefficient for silver bromide mij} 


with in this investigation is of the order 1000 (forA = 1-5 a.), and taking the diamet} 


| 


of the fairly large undeveloped grain of emulsion Y as 0-7 x 10-4 cm. gives aff 


absorption of about 7% of the photons crossing a grain, thus excluding an 


assumption of opacity. The undeveloped grain is regarded as a minute silve | 
halide crystal in modern theories of the latent image (Gurney and Mott, 1938) 


Mott and Gurney, 1940 ; Berg, 1943), and there seems to be no reason to assu Hy 


equal thickness of grains. 

L. Silberstein and A. P. H. Trivelli (1930) tested the validity of equatia 
1c) for a series of grain sizes, using single-layer plates, and claimed good agre#} 
ment between theory and experiment. Re-examination of their results show} 
however, that the spread of the experimental values is too large to allow of a cles}i 
decision. A brief discussion of the possible dependence of the quant) ’ 


efficiency on grain-size is given in a later paragraph. 
Integration of equation (4) gives 


n=N(1—e-"2"®), 


where the term in the exponent should be equal to the term in the exponent : 
equation (1c), 1.e., we should have 


let =ap. 


A. Charlesby (1940) estimated the term a from G. E. Bell’s measureme | 


of 1936, and found values ranging from 1-6 x 101° to 4-8 x 10-1? for films whia 
seem to be comparable to film Y. From the data given in Bell’s paper, pw can | 


estimated to be 200, 7 of the order 10, y=1-9 x 10-1! (see table 3, film Y), an} 


therefore, “ —6 x 10- 10, in sufficiently good agreement considering the da 


available as a basis of estimation. ; 
‘The average energy required to make one grain developable, estimated fro} 
the measured quantum efficiencies and corrected for maximum yield from tl 


increase of density for prolonged development (table 3), is 13,000 ev. for film | 


and 2100 ev. for film Y, which, even with due regard to the error in the determi 
tion of the quantum efficiency, is higher than the values given for exposures wi! 
visible light. F. R. Hirsch (1928) found that emulsions exposed to x rays | 


11 a. (1100 ev.) show the toe, characteristic of exposures to visible light, at th } 


beginning of the density-exposure curve. ‘Taking this as an indication thi 
‘the quantum efficiency is below unity for this wave-length and the emulsi« 
-used (analysis of Hirsch’s published graph indicates a quantum efficiency | 
approximately one-fourth), the same order for the average energy per erain| 
obtained. Mott and Gurney (1940) estimate that on the average about 50 quar 


Wi) 
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of visible light are needed to make one grain developable, an average absorb 
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energy of about 200 ev. per grain. S. E. Sheppard (1931), however, comes to the 
conclusion that on the average from a few hundred up to one thousand quanta 
are needed for visible light. The efficiency of the photographic action of x-ray 
exposures might, however, on account of the almost instantaneous release of a 
great number of electrons, be nearer to the efficiency of visible light of high inten- 
sity, where, as the breakdown of the reciprocity law shows, a higher average 
energy per grain is required. ‘The theoretical aspect is further complicated by 
the difference in the energies necessary (film X with a small grain needing more 
han film Y with a larger grain), which, if not due to the preparation of the films, 
might be explained on Mott and Gurney’s theory by a higher rate of recombination 
due to higher concentration of electrons in a smaller grain. An interesting aspect 
of the sensitivity of large grains is presented by W. F. Berg (1943) in a discussion 
of the electrolytic mechanism of development: ‘A large grain containing a 
single sensitivity speck will be more sensitive, not only because of its larger target 
irea to light, but also because it contains a larger total number of interstitial 
ons to begin with”’. 

Measured values for the exposure in roentgens necessary to produce a density 
of 0-5, plotted against half-value layer in Cu published by G. E. Bell (1936) and 
i. E. Smith (1943), were compared with values calculated from equation (16) 
ind show reasonable agreement for harder radiations. ‘The minimum at about 
)-25 mm. Cu can be explained by the influence of quanta of lower energy than the 
<-absorption edge of silver which would have been present in the heterogeneous 
yeams used, and tend to raise the amount of x rays needed before the effective 
vave-length coincides with the absorption edge. 

The theoretical considerations presented in this paper should in principle 
pply to exposures to visible light. A different mathematical form would have 
o be chosen to account for the high scattering of light in the emulsion, absorption 
lue to dyes and variation in the quantum efficiency for different grains. A rough 
stimate of the value of the intrinsic sensitivity (6), using equation (17), can, 
\owever, be gained in the following way. J. Eggert and W. Noddack (1923) 
neasured the absorption of light in the silver bromide of photographic emulsions 
nd found a total absorption of 10 to 20%. Assuming a total of 4x 10-4 gm. 
\eBr per sq. cm. gives a thickness of 0-6 x 10-4 cm., which absorbs, say, 15% of 
he incident light ; an absorption coefficient of 2-5 x 10? cm71 is deduced. ‘This 
igh value for the absorption coefficient is explained by the fact that the method 
f calculation automatically takes the multiple scattering in the emulsion into 
ecount. ‘Taking the diameter of the undeveloped grain as 10~° cm. and the 
uantum efficiency (Sheppard, 1931) as 3x10 gives B=lp=7-5 x 10-. 
‘'arious workers have arrived at values of 10~* to 10~° for the intrinsic sensitivity. 
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A METHOD FOR OBTAINING SMALL 
MECHANICAL VIBRATIONS OF KNOWN 
AMPLITUDE 


By Ds Hi2S Vib: 

Woolwich Polytechnic 

MS. received 4 Fuly 1945 
ABSTRACT. The theory of a method for measuring small amplitudes of vibration, | 


due originally to Thomas and Warren, is developed, and experiments confirming it are 


described. The possibility of using the method for producing a standard source of sound 
is discussed. ; 


Se LUNAR OD Wi Caron) 


We HE amplitude of a vibrating body such as a diaphragm may be measured 


either by means of a device which depends upon contact with the body 

or with an optical arrangement involving the use of interference 

fringes. ‘The best-known amplitude meters of the first class are the Bragg | 
amplitude meter (Bragg, 1919) and the optical lever used by Kennelly (1923). 

Neither of these is very accurate. The first, which depends on the cessation 

of chattering between the diaphragm and a light spring-loaded hammer, is 

cumbersome, and cannot well be mounted behind the diaphragm without inter- || 

fering with the driving arrangements. Kennelly’s optical lever is fragile, and — 

needs a powerful arc as a source of light, while its accuracy 1s low for amplitudes 
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less than about 10 microns. In particular, its usefulness diminishes towards 
higher frequencies, where a large particle velocity, and, therefore, a high 
intensity of sound, are obtained with a small amplitude. 

Interference fringes were used by Webster (1919), who photographed the 
fringes produced when a mirror attached to the vibrating body was made one of 
the mirrors of a Michelson interferometer. A much simpler method was devise d 
by Thomas and Warren (1928), who have described the appearances presented 
by thin film interference fringes of the Newtonian kind, formed between a reflecting 
surface at rest, and one set in vibration with a small amplitude. Their description 
is, however, not quite accurate in several particulars, and the qualitative explana- 
tion of the phenomena which they gave appears to have led them to erroneous 
quantitative conclusions. 

_ Inthe present paper, the theory of the fringes observed by Thomas and Warren 
is examined in detail, and a source of sound is described whose amplitude can be 
accurately measured by their use. 


§2. THE FORMATION OF INTERFERENCE FRINGES BY REFLECTION 
EROMVNbhE SU RDA GE Se OR eA THIN PLE MONE OF WHILGH ES 
VIBRATING. 

Let AB and CD be two close reflecting surfaces of any form, not in contact 
at any point, and consider the interference of the monochromatic beams OS 
and OPQS reflected from these surfaces. Let the vibrations in the reflected 


A P B 
Figure 1. 


beams be y, =a, cos wt and y, =a, cos (wt —5), where a, and a, are the amplitudes 
and 6 is the phase difference. The resultant is, in complex form, 
yi tyo=exp. jt [a, + a, exp.—76]. 
The intensity, obtained by multiplying by the conjugate complex quantity, is 
I =(a, +4, exp. —j8)(a, + ay exp. J0) 
= A," + dy” + aya, (exp. —J5 + exp. 76) 
Set teed AsCOSO is | | tN yO) sities (1) 
Let @ be the distance between the surfaces at the point O, when they are at 
‘est. Then with sensibly normal incidence 
4iéy 
a ee 
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where A is the wave-length. Let the lower plate vibrate in a sense normal to thel| : 


path of the light, its motion being =, cospt. The separation of the surfaces} 
at O becomes Bes = a Gace 
4760 


Let 1 


=. 
Then the intensity at O is 
I =a,? + ay? + 2a,a, cos (5 + € cos pt). 


The mean intensity at this point over a period is 


1 Wty 
=p] lode 


-T 
= : | : [ (a,? + ay) + 2a,a, cos (5 +<€ cos pt)] dt 
fh 
= (ay? + 4,2) + ce [ cos(S+ecospi\dt =... (2) 


J0 


The integral in (2) is 


: ; ey | 
= i cos(d+€ cos pt) dt=cos 6 { cos (e cos pt) dt—sin 6 [ sin(esinpt)dt — 
0 0 ; J0 | 


ey 2nd d 7s ee 
[costa = Dido wl Op, ue 


eaede (3) 
The second integral in equation (3) is zero, since by writing 7=t— 7/2 we 
T T/2 
see that { —— { . If we write pt=4, the first term becomes | 
7/2 0 
cos 5 cos (e cos pt) dt= el cos (< cos $) db 
cos 6 e*cos*f° «tcos*h OSs 
= ep PAM ae | ae 
Using the well-known reduction formula | 
a |S Mule ee O58 


this becomes 


et B+ aE ef +d 
P 2P 9 (2.49% (2 54 6)% 
__ 2 -c086 
7 eaee 


where J, is the Bessel function of zero order. Substituting this result in equation 
(2), we have finally 


J(c)=T . Joe) cos, 


In =(@2 +47) +2a,az.. Jo(e)oos8.:- = ee (4) | 
= (a,7 + 4,?) + 2a,a, Jo( =) -cos( 5) aE cra Saneheee (5) 


With a given value of £, which is the same at all points, the intensity varies. 


across the field of view with ey and a system of thin-film interference fringes || 
will be formed, whose configuration will depend on the shape of the reflecting |, 
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surfaces. In the particular case in which we shall be interested, that of fringes 
formed by reflection from the surfaces of a lens and a flat plate, the usual system 
of Newton’s rings will appear. The contrast between the bright and dark 


fringes—thatis, the visibility —will depend on the value of J, (=) . Thus, when 

€)=0, so that J, (2) = 1, the fringes will vary in intensity between (a, — a,)? 
r 

in the dark fringes and (a,+,)? in the bright fringes. But for those values of 

€) which make J, (=) =0, the intensity will be uniform and equal to a,? + a,” 


over the whole field, and for these critical values of &, the fringes will disappear. 
The first few values of ¢/7 and, therefore, of 4€,/A, for which J)(c) =0, are 

shown in the first column of table 1, while the second column shows the corre- 

sponding critical amplitude as a fraction of the wave-length of the light used. 


Table 1 
Critical values of the amplitude 
4 
<= fo os fo 
=, A 7 A d 
0-7655 0-1914 Se22 1-4380 
leodel 0-4393 6°7519 1-6880 
2°7546 0-6886 PTING 19379 
SRDS 0-9383 87514 2:1879 
A ]O27 1-1882 97513 2:4378 


In passing through the value zero, J,(e) changes sign, and so, therefore, does 
the second term in equation (4), so that as the amplitude is gradually increased 
through a critical value, the fringes disappear and then reappear with the dark 
and bright bands interchanged in position. 

These conclusions are entirely borne out by experiment. ‘Thus, if a well- 
defined set of fringes is formed with the lower plate at rest, and it is then set in 
vibration with a very small amplitude, much less than the first critical amplitude, 
the fringes diminish slightly in visibility. If the amplitude is gradually increased, 
the contrast diminishes still further, and when the first critical amplitude is reached, 
the fringes disappear and the field becomes uniformly illuminated. A further 
increase of amplitude causes the fringe system to reappear with bright and 
dark bands interchanged. This is repeated as each critical amplitude is reached. 
The change in the position of the fringes in passing through a critical amplitude 
is a valuable feature of the effect, as it enables the amplitude to be set for uniform 
illumination with a precision approaching that obtainable with a good photo- 
meter. 

The figures in table 1 show that J9(c) vanishes for values of ¢/7, which differ 
by very nearly unity, and the difference approaches unity closely as ¢/z increases. 
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Therefore the successive disappearances of the fringes occur with amplitudes}} 


which differ by nearly 4/4, but the critical amplitudes themselves are not exactly; 
odd multiples of 4/8, as stated by Thomas and Warren. The theory shows tha 


with high amplitudes the fringes become less distinct, and it becomes slightly} 


more difficult to adjust the amplitude to a critical value. In practice, a, and ag 
are very nearly equal, and if they are exactly equal, equation (4) becomes 
Io? = 2a*[1 + Jo(e) cos d]. 
For a given value of &, the visibility of the fringes is then 
ee Tmax. Jin = 4 (€): 
Imax. + Imin. 

Negative values of V correspond, of course, to the interchange of the bright 
and dark fringes on passing through a critical amplitude. The visibility, starting 
at unity when &j is zero, reaches maximum values of about 0:4, 0-3, 0-25 and} 


0-21 between the first and second, second and third, third and fourth, fourth and] 


fifth critical amplitudes, and thereafter decreases much more slowly, so that }) 


between the twentieth and twenty-first disappearances it is still 0-1, and between f) 


the thirtieth and the thirty-first 0-078. Thus the fringes are still clearly visible} 


even in the neighbourhood of the thirtieth disappearance, and, as described later, | 


the amplitude can still be set accurately to the critical value. 


§3. EXPERIMENTAL 


The conclusions reached in §2 have been verified with the apparatus 
shown (figure 2). The vibrator is a flat aluminium-alloy diaphragm (A), 0-025 in, 
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Figure 2. | 


thick and 4°75 in. in diameter, which is tightly clamped to the heavy brass front 
plate of the instrument by means of a steel ring. Several layers of cartridge 


paper smeared with hard vacuum grease are interposed between the diaphragm | | 
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and the ring, while a single layer of paper is placed between the diaphragm 
ind the front plate ; this is done because in one application of the instrument 
t is desired to have a gas-tight joint here. The free portion of the diaphragm 
s 4-5 in. in diameter, and it is separated from the front plate by a distance of 
)005 in. The diaphragm, after being cut from the sheet, was flattened by 
clamping it between flat steel plates in a large screw press and heating it to about 
300° c. The diaphragm is maintained in vibration by means of a “moving 
oil” drive. The coil (B) consists of two layers, each of 18 turns, of 38 S.W.G. 
silk-covered copper wire wound on a stiff paper former one inch in diameter, 
which is cemented to the diaphragm. It moves in the annular gap of a large 
slaw-shaped permanent magnet, of the kind formerly used in moving-coil loud- 
speakers. The depth of the gap is 0-25 in., while the axial length of the coil is 
)-18 in., and the coil is wound in such a position on the former that it is symmetri- 
cally situated in the gap. It may be assumed therefore that, when vibrating with 
small amplitude, the coil remains in a uniform magnetic field, so that a sinusoidal 
current will produce strictly sinusoidal vibrations. The magnet itself is clamped 
0 a heavy brass back-plate, and the front plate bearing the diaphragm is carried 
on four stout pillars rising from the back plate. A hole 0-5 in. in diameter is 
sored through the central soft-iron pole-piece of the magnet, and a close-fitting 
orass tube (C), whose internal diameter is 0-375 in., can be advanced through it 
oy means of a screw (D) cut on the outside of the tube and working in a nut which 
s bolted to the back plate. At the end of the tube is mounted a plano-convex 
ens (E), the radius of curvature of whose front surface is 200 cm. The lens is 
mounted on a brass plate which can be tilted by means of three small spring- 
oaded screws; for the sake of clarity, this arrangement is not shown in the diagram. 
At the centre of the diaphragm, opposite the lens, is cemented a circular micro- 
scope cover-slip (F), whose back face is lightly ground and coated with optical 
lack to abolish unwanted reflections. With the lens close to the glass plate, but 
10t quite touching it, Newton’s rings are formed by reflection at their surfaces 
when monochromatic light is projected down the tube. The screw has fifty 
hreads per inch, so that the distance between the lens and the plate can be deli- 
‘ately adjusted. The tilting screws are manipulated with a long screw-driver 
yassed up the tube, and with a little practice it is easy to bring the centre of the rings 
o the middle of the field of view, while by turning the tube, the separation of the 
ens and the plate is adjusted to be about 10 microns. ‘The fringes are viewed 
hrough the tube with a telemicroscope. 

An aluminium cover, not shown in the diagram, encloses the rear part of the 
ipparatus. As the whole instrument is massively constructed and the moving 
yarts are accurately fitted, it is scarcely affected by shock, and the only effect of 
apping the case is to produce a slight quiver of the fringes, which is due to free 
yibration of the diaphragm. 

Observations were made at a number of frequencies of the R.M.S. currents 
equired to produce disappearance of the fringes, i.e. at the critical amplitudes. 
[he current was measured with a Unipivot galvanometer with a square-law 
cale and a series of vacuum thermojunctions whose ranges overlapped, so that 
he current readings at each critical amplitude could be made with nearly the same 


540 D. H, Smith 


accuracy. ‘The thermojunctions were calibrated with direct current, using a 
direct-reading potentiometer and standard resistances. 

The observations were made with sodium light, whose lack of monochromacity 
introduces no appreciable error into the results. 


§4. RESULTS AND DISCUSSION 


It was found that the amplitude could be set to a critical value with an accuracy 
of about one-half per cent, as judged by the agreement between the values of 
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Figure 4. 


the current with successive settings. At the higher amplitudes, the falling-off 
in visibility is more than offset by the fact that a given change in amplitude is 
brought about by a smaller fractional change of current than at lower amplitudes, — 


re ee etn > 
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The results at five frequencies are shown graphically in figure 3, where the 
current for which the fringes disappear is plotted against the corresponding 
critical amplitude given by the calculation of §2. Each point represents 
the mean of four observations. In each case the curve relating current and 
amplitude is accurately a straight line passing through the origin, thus confirm- 
ing the theory.* 

It is evident, from the accuracy with which the points lie on a straight line, 
that when the best straight line through them has been found, the amplitude can 
be set to any assigned value within the range by adjusting the current, with an 
error not greater than 1 in 500. In the case of the observations at 300 c./sec., 
the equation of the straight line through the origin and the centroid of the points 
is 

SF =13-900(E/A), 
where -¥ is the current, and the maximum deviation (on the current axis, since 
the amplitude values are pre-assigned) which occurs at the seventeenth disap- 
pearance, with a current of 58 ma., is 0-2 ma. 

In figure 4 is shown the result of observations extending to the thirtieth dis- 
appearance ()=4-38). It would appear justifiable to extrapolate over double this 
range. ‘The amplitude would then be about 8 1, and there is no reason to suppose 
that the law connecting current and amplitude would cease to be a linear one. 

The instrument shown in figure 2 has been designed primarily for use in a new 
tube method for measuring the velocity of sound, but with slight modification it 
constitutes a standard source of sound, whose amplitude can be set to have a 
known absolute value with high accuracy. It has been described here in the form 
with which the observations for figures 3 and 4 were made, but a more compact 
pattern has been built, in which an axially magnetized cylindrical magnet is used. 
In order to make it suitable for use as a standard source, it is fitted with a thinner 
front plate, and the diaphragm carries a composite piston of balsa wood and 
aluminium, whose front face is coplanar with the front plate. When it is 
mounted in an extensive bafHe in an acoustic chamber, it produces a sound field 
whose distribution can be calculated. The R.M.S. displacement velocity 
it a point on the axis / cm. in front of such a piston, of radius 7, is given by 


1 EIU Ss eae a 
¢=45{ (5) +1- Seong a—l ; 


where Ey is the peak displacement velocity of the piston, A, is the wave-length of 
he sound, and «= 1/(/?+7?) (West, 1932). Table 2 shows the displacement 
velocity on the axis of the piston, of radius 2 cm., at a distance of 1 metre, together 
vith the approximate intensity in db. above 10~!8 w. per cm?, when the amplitude 
yf the piston is 4. This corresponds to about the thirtieth critical amplitude 


* The apparent discrepancy in the slope of the line per 1000 c./sec. is due to the fact that some 
djustments were made to the apparatus between this set and the other sets of readings. 

+ A sound has an equivalent loudness of 2 B.S. phons when it has the same loudness (judged 
inder specified conditions) as a standard tone in the form of a plane sinusoidal wave at 1000 c./sec., 
vhose intensity level is n db. above a reference level corresponding to an R.M.S. sound pressure 
f 0:0002 dynes per cm? This corresponds very closely, in air, to an average power of 
0-6 w. per cm?, and the intensities above have been referred to this level, to obtain a rough 


omparison with speech. 
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with mercury green light (A=5461 x 10-$cm.) The R.M.S. displacement velocity} 
corresponding to the reference level is about 5 x 10-* cm./sec. at 1000 c./sec.}} 
As ordinary speech corresponds to an intensity level of about 40 db. at 1 metre, the }} 
loudness is adequate for acoustic measurements without extrapolating from. 


calibration curves such as figure 4, except at the lowest frequencies. 


ii 


Table 2 
Intensity of sound from the diaphragm at a distance of 1 metre 


A Intensity 
f (c./sec,) EG 102 (db. above 
| (cm./sec.) 10-16 w. per cm?) 


100 0-654 2S 
500 16:37 50°3 
1000 65-4 62:5 
2000 262-0 74-4 


Experiments are in progress on the use of the source for calibrating micro- | 
phones, and for other acoustic measurements. | 

Drysdale (1939) emphasized the need for a standard source of sound, and sug- 
gested means by which a spherical source might be constructed, but he pointed |] 
out that the chief difficulty would lie in the measurement of the amplitude, which |] 
would need to be of the order of 0:2. This is well within the scope of the present 
method. 
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THEORETICAL INVESTIGATION ON TELE- 
PHOTO LENSES 


Bye OV LEDER RSs 
Teddington 


Paper read to the Optical Group 30 April 1945 


ABSTRACT. The theory of thin lenses is employed to investigate possible forms of 
telephoto lenses consisting of two widely separated thin components. From a considera- 
tion of the shapes of the unit surfaces it is shown that permissible forms have a limited 
range on either side of those in which both components are aplanatically corrected ; on 
the one side the lenses tend to present their more convex aspects to one another, on the 
other side their more concave aspects. On taking other conditions into account it is 
found that heavy figuring is required except in two cases. In one of these the components 
are nearly aplanatically corrected, and in the other they are strongly concave towards 
one another. ‘The former construction has the advantage in offering less strongly curved 
surfaces. It is shown that a design of this class, consisting of two ordinary cemented 
doublets each made from the same kinds of glass, has stable characteristics. 
The formulae used in the investigation are given in an appendix. 


See LN TROD Wi CAL LON 


URING the period of the war the focal lengths of photographic lenses used 
for reconnaisance have been progressively increased, and to meet this 
requirement large-scale copies of telephoto lenses designed to meet some- 

what different conditions have been made and used extensively. In view of the 
importance of securing the best possible photographs it nevertheless appeared 
desirable to carry out a theoretical investigation on telephoto lenses to see whether 
improvements were likely to be attainable, bearing in mind the work for which these 
lenses are required. Briefly, the requirements are the attainment of the finest 
possible definition over a field of angular diameter about 25°, and the comparative 
unimportance of distortion. For some other uses to which telephoto lens are 
put, the elimination or reduction of distortion is important, and it may be that to 
attain this, something which is important in a lens for aerial photography is. 
sacrificed in the normal type of telephoto lens. 

It is of great importance that the photographs obtained with these lenses should 
suffer as little as possible from loss of contrast. With designs otherwise equally 
xood, this is most likely to be secured by a lens with the smallest possible number 
of glass-air surfaces. It is therefore appropriate to develop the theory in the 
*xpectation that neighbouring lens surfaces will be cemented together if satis- 
‘actory definition with a suitable aperture can be obtained with this construction. 
[he initial assumption is therefore made that the telephoto combination will 
-onsist of two lenses, the leading one of positive power and the other of negative 
yower, each preferably composed of cemented components. ‘The work proceeds 
n the basis that each of these lenses may, in the first place, be treated as of negligible 
hickness. As the combination must be chromatically corrected for both position 
f focal plane and size of image, it is essential that each cemented lens should be 
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corrected independently for colour. As the lenses are thin this involves only 
one condition for each lens. 

Correction of the combination is secured by imposing suitable conditions on 
each of the two components. The problem in fact is reduced to the design of 
two thin lenses. ‘To follow the theory it is therefore important to bear in mind 
certain properties of thin lenses. For convenience the power of the thin lens is] 
taken as unity. 

§2. PROPERTIES OF THIN LENSES 


Since this lens is to be achromatic at least two glasses with different v values) 
must be used. The glass with the greater v is used for an element of positive 
power, that with the smaller v for an element of negative power. ‘The algebraic} 
sum of these powers is unity : let N be the sum of their absolute values. Then the, 
lens will be achromatic if 

Ne 
Vy — Vo | 


So far as this condition is concerned it is immaterial whether each kind of glass is |] 
represented by a single element or by several elements, whether components are | 
cemented or successive surfaces have different curvatures where they touch on 
the axis; the order in which the elements are arranged and their shapes are|f 
also of no significance. N can therefore be regarded as a current variable when| 
monochromatic aberrations are considered ; it will only be necessary at somel 
stage to refer to a catalogue of optical glasses to verify that types giving the valu | 
of N desired are available. Negative as well as positive values of N may bel] 
admitted, the negative sign indicating that the glass which it was expected would] 
have the smaller value of v must, in fact, have the greater value. No loss off 
generality is now involved m supposing that with the definition of N already 
given vp, is the constringence of the glass of lower refractive index, conven oa 

| 


referred to in what follows as crown glass, and v, that of the glass of higher refrac-} 
tive index, to be referred to as the flint glass. The particular meaning assigned . 
to crown and flint must be kept in mind. For instance, the “ crown” may 
prove to be a glass described in the glass catalogue as a light flint, and the “ flint”’ |] 
as a dense barium crown. In such a case the value of N would be negative. | 
The first-order monochromatic aberrations are usually given as 

Spherical Abberration, 

Coma, 

Astigmatism and Curvature, 

Distortion. 
Curvature belongs to a different group of aberrations from the other four, and is) 
measured by the Petzval sum for the lens. ‘This is an invariant, independent o 
the order of the components and their shapes. In a thin lens of two glasses it ist 
a linear function of N. For a thin lens the aperture stop is presumed to be placed 
in contact with the lens itself. Taking the aberrations in the reverse order tol 
that given above (for thin lenses at least this reversed order is the simpler of the 
two), the distortion is identically zero, and the astigmatism is invariable and | 

I 


he 


has the same value for all lenses irrespective of their construction. The astig: 
matism and curvature together determine the shapes of the focal surfaces for 
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gittal and tangential lines ; they are represented in section in the centre of 
ure 1 by the circular and oval curves. In any satisfactory instrument for 
.otographic use the lenses must be combined in such a way that the focal surfaces, 
stead of having these most unsuitable shapes, are substantially coincident over 
angular field to be covered. 

The two remaining aberrations are under control in different ways. The 
sential requirement for the elimination of coma is to secure the correct shape 
r the unit surfaces of the lens, and for the removal of spherical aberration 
ensure equality in focal length for rays through different parts of the lens 
erture. Some of the means at our disposal for satisfying these conditions in 
mented lens combinations are illustrated in figures 1 and 2. 

The lenses shown in figure 1 are externally symmetrical—all the external 
rfaces have the same curvature. Starting from the doublet at the top of the 
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Figure 1. Aberrational coefficients of representative lenses having the same focal surfaces. 


gram, with the crown lens leading, the parabolic track on the left leads through 
‘ms in which the crown lens is divided, the value of the power of the crown glass 
nsferred from the left to the right side of the flint lens being proportional to 
» distance descended in the diagram. At the extreme left is shown the sym- 
‘trical form in which the two crown components are of equal power. ‘Thereafter 
» power of the crown component on the left diminishes until at the bottom of 
: diagram we reach the doublet form with the flint component leading. Lenses 
ild be constructed on the parabola beyond the doublets, but they are less 
sirable forms, as the curvatures of the internal surfaces are greater than in other 
ms. The lenses on the other parabola indicate a second series in which the 
it lens is divided instead of the crown. Other forms can be constructed 
which both flint and crown are divided, so that there are at least four com- 
nents, but these will not be used in manufacture if simpler forms prove 
-quate. The aberrational properties of all these externally symmetrical lenses 
37-2 
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and of others which can be derived from them involve six coefficients which are} 
functions only of N and of the refractive indices of the glasses. Of these coef 
cients, w, the Petzval sum, enters with equal weight in all forms. ‘The next 
coefficient, 8, has weight proportional to the internal asymmetry of the lens, and}}} 
has its sign reversed if the lens is reversed. As f denotes the sum of the curvature | 
of the unit surfaces of the lens, this change of sign on reversal is to be expected, | 
as is also the zero coefficient of 8 for the completely symmetrical forms. Thelf} 
coefficient y behaves in a similar way to 8 for reasons which will become clear} 
from consideration of a relation to be given later. The ratio of y to f is, in fact,\}} 
invariable for glasses of given refractive indices. y and 8 are quadratic in NV andi} 
vanish when there is only one kind of glass, ie. when N= 41. y, y, and val 
are cubics in N. The roots of y,=0 are 1, —1, —1, and those of y,=0 arel{| 
1, 1, —1; y=0 has only one real root. The weight of y does not change, but, on} 
proceeding in either direction from the symmetrical forms, y+, and ya ; 
are diminished by 6”y, and 62y, as the case may be, where @ is the weight given to}f} 
Bandy. Allthe gamma coefficients concern the variation of power with aperture. 
Of all six coefficients y is the only one which is modified if the refracting surfaces} 
are not spherical, so that figuring a lens corresponds to an alteration in y. The 
method followed in this investigation is to determine how much figuring of each 
lens is required when all the remaining conditions are satisfied. If no figuringjf) 
is needed the surfaces are all spherical. | 
The significance of a has been given for the focal surfaces, but it is equally} 
important for the unit surfaces. The unit surfaces are free from astigmatism, 
but the curvature of the first exceeds that of the second byw. This result again is} 
independent of the order, the division and the shapes of the component lenses. |]! 
The aberration known as coma is essentially a variation of magnificationj]) 
with the zone of the lens through which the. light passes. To maintain thi |) 
magnification constant the ratio of the distance along any ray between thei} 
second unit surface and the image to that between the first unit surface and thelf) 
object must be constant. As the difference in curvature of the unit surfaces i ] 
fixed, it is obvious that comacan be varied by changing the curvature of both unit q 


‘ 
( 


surfaces together. If, instead of being zero, as in figure 1, the sum of the cur 
vatures of the external surfaces of the lens is made equal to p by increasing thelf| 
curvature of every refracting surface by $p, the increment in the sum of thet 
curvatures of the unit surfaces is p(1+a), so that if this sum were initially 68 it } 
would become 68 + p(1+za) after bending. Figure 2 shows a number of form | 
of lens, both doublets and triplets, bent by a number of equal increments, with | 
the corresponding shapes of the unit surfaces in the last line. In the centralll 
column the triplets are both symmetrical, and the curvatures of the unit surfaced}! 
equal and opposite. The positions that would be occupied by cemented doublet¢ : 
with equal and opposite curvatures for their external surfaces are indicated bwh 
the asterisks in the first and fourth rows. 

From the explanation just given it can be readily shown that the conditio 
for freedom from coma when the magnification is m is that the sum of the cul 
vatures of the unit surfaces is M(2 +a), where 


M= l+m 
l—m 


> 
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me, it is 
08 + p(1+a)=M(2+a). 


When the coma has been removed in this way, the condition that the lens 
should be free from spherical aberration is 


y ty — Oy, + 2pO} + p2(1 + 2a) = M5 +20), * 


the lens being a triplet with the crown component divided in the ratio 1 +8 :1—8. 
If the flint is divided instead of the crown, y, must be written in place of yj. 
At the moment it is only necessary to note that there are two degrees of freedom 
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Figure 2. Effect of bending lens on curvatures of unit surfaces. 
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and that in general two conditions can be satisfied. As one of the equations is 
quadratic it will sometimes happen that the solutions are imaginary. 

Returning now to the list of aberrations, and remembering that curvature of 
field has to be dealt with separately, there are four conditions to be satisfied by 
the four degrees of freedom in the two thin lenses. But for the reason already 
given the condition for freedom from distortion will be disregarded and one 
degree of freedom retained to be used in whatever manner seems most advan- 
tageous. ‘The free variable secured in this way will be denoted by ¢. 


Sway EKUNDAMENTAL STRUCTURE OF THE TELEPHOTO LENS 


Before proceeding further it is necessary to consider what the powers of the 
two component lens groups are to be, and how far they are to be apart. The 
Petzval sum for the complete lens, which is to vanish, is the sum of those for the 
components. ‘The ratio of the Petzval sum to the power of a thin lens is only 
variable to a small extent, so that the powers of the two components will tend to 
be in a fixed ratio, which is approximately —1. Suppose that the powers of the 
two are a and —ma. If the power of the combination is unity, the separation ¢ 


satisfies 
a—ma+tma*=1 


and the overall length from the first lens to the focal plane is 
ft —ta 


* As the value of the power does not involve any distinction between object and image spaces, 
his condition should not chaage when the lens is reversed, i.e. when p and M are changed in sign. 
it follows that >, like B, changes in sign, but not in magnitude, when the lens is reversed. 
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It follows that, for minimum overall length, 

2 2—m 
-2=m" 4 
In all telephoto lenses of minimum length the separation is therefore half the focal 
length of the positive component, and the back focal length is half the foca 
length of the complete lens. It has been customary to describe a telephotq| 
combination with the focal length double the back focal length as a two-times 
system. In this sense all telephoto lenses of greatest compactness are two-times}, 
systems, and this limits the value of the description. An alternative meaning for . 
a two-times system is one in which the focal length of the combination is twicg 
that of the positive component. This will be the case with m=1. The systems 
to be considered here are two-times telephoto lenses in both senses. 


or 


a 


§4. UNIT SURFACES OF THE COMPONENTS 


With the two components of numerically equal powers, it is appropriate) 
n the first place to assume that they will be made from the same glasses and,jf} 
therefore, have numerically equal Petzval sums. For a preliminary exploratio ; 
it may be assumed that the value of the Petzval sum for a thin lens is 0-75 timesiit 
the power. One form of construction which satisfies the conditions laid doval | 
consists of components aplanatically corrected for the magnification at whichfj) 
they are operating. It is clear that this secures freedom from coma and spherical 
aberration, and under these conditions the astigmatic contributions, which are 
proportional to the powers of the thin lenses, are also additive, so that both 
first-order astigmatism and curvature are eliminated. Since for the positive 
component m=0, and for the negative m=2, the corresponding values of M aref]) 
1 and —3, and the sums of the curvatures of the unit surfaces of these two coniil 
ponents are required to be 


2x1x(2+-75)=5°5 
and 
(—2)x (—3)x (2+ -75)-= 16-5, | 
Their differences are 2 x -75 and —2 x -75 respectively, or 1-5 and —1-5, giving} 
for the curvatures of the four unit surfaces in order the values 
37556205 7-509 Oe / 

When the components are not aplanatic, it may be shown that the sum of the] 
curvatures of the first should be increased by }¢ and that of the second by —2¢.|) 
The curvature of the second unit surface of the complete lens must be unity, |) 
since the focal length is to be the same for all rays incident parallel to the axis. | | 
Figure 3 shows the dependence of all these curvatures on ¢. ; 

It is profitable to exhibit the variation of the unit surfaces with ¢ in another 
way, shown in figure 4. Consider first the case marked 6=0. On the extreme 
left two rays incident parallel to the axis are represented by full lines. They 
travel in this direction until they meet the first unit surface of the positive lens. |} 
(Owing to the sign of the difference in the curvatures of the unit surfaces, the first 


| 
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unit surface appears on the right of the second, when the light travels from left to 
right, if, as here, the surfaces are in contact on the axis.) The rays then converge 
from the points of the second unit surface at the same distance from the axis 


JO, 


Figure 3. Curvatures of unit surfaces. 


Figure 4. Variation of unit surfaces of component lenses with ¢. 


the paraxial focus of the first lens. After travelling about half-way to this 
int, these rays meet the first unit surface of the negative lens, and thence proceed 
ym the corresponding points of the second unit surface to the focus of the 
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complete lens. (As the second lens is negative the unit surfaces appear in their 
natural order.) If now the emergent rays are produced backwards to meet the 
incident rays, the intersections will be found to lie on the sphere, centred at the 
focus, of radius equal to the focal length. This is the second unit surface of the 
complete instrument, and is represented by the circular arc on the extreme left. 

In the diagrams drawn for other values of $ the course of the rays may be 
determined by finding the intersections of the incident rays with the first unit 
surface of the positive lens, and those of the emergent rays with the second unit 
surface of the negative lens, and joining the corresponding points of the remaining 
unit surfaces to determine the path of the rays between the two lenses. The 
figure shows clearly the character of the changes in spherical aberration of the 
component lenses as ¢ is altered. 

For values of ¢ less than about 5 the unit surfaces of the two lenses tend to 
turn away from one another, and for values greater than 5 towards one another, 
For extreme values of ¢, e. g. — 20, the curvature of the second lens is too great 
to allow the rays indicated to be transmitted. This is substantially the case 
also with = —15 and d=25. Systems that are to work at a fairly large aperture 
(the rays are drawn for an aperture of f/5 for the complete lens) must correspond to 
values of ¢ well within these limits. A value of about 5 would be very satis- 
factory. (For freedom from distortion the value would be 16 with a=0-75.) 
To find whether such a value is consistent with the use of spherical surfaces alone 
necessitates more detailed consideration. 


§5. NUMERICAL INVESTIGATION 


For the purpose of investigating the matter numerically it is necessary to 
take into account the magnitude of the functions of the refractive indices which 
have already been mentioned. No advantage will be gained at this stage by 
basing the calculations on the properties of glasses given in manufacturers’ 
catalogues. Instead, two refractive indices are chosen as is thought convenient, 
and Nisvaried. ‘The results which follow are fora crown glass with w, = 0-64 and 
a flint with w,=0-60, where w is the reciprocal of the refractive index. It is} 
much more convenient in dealing with aberrations to take the reciprocal than the | 
refractive index itself. / 

The calculation of the surface curvatures can be carried out in any of the | 
familiar ways. In the method used at the National Physical Laboratory they 
are obtained incidentally in the calculation of the six aberrational coefficients. |} 
These curvatures for the unbent forms of doublet (with crown glass leading) 
and for both kinds of syinmetrical triplet are shown in figure 5. The lines. 
marked “First” and ‘ Last”? represent the curvatures of the external surfaces 
in all these lenses. That marked D gives the curvature of the cemented surface 
of the doublet. The diagram shows that it is important to discover a systemy 
which gives a fairly small value of N—a value numerically less than 5 is very. 
desirable. The lines marked “2(y,)” and “3(y,)” give the curvatures of the 
cemented surfaces when the crown lens is divided, and similarly those marked 
“2(y2)” and ‘“3(y,)” the curvatures when the flint lens is divided. As would bel 
expected, these curvatures are much less than that of the cemented surface of a 
doublet, particularly when the positive component is divided. It does not |} 
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necessarily follow that this advantage is retained in the final form of the lens, for 
the triple lens may need to be bent more than the doublet. Any bending is repre- 
sented on this diagram by a change in the position of the zero of the curvature 
scale. 

Figure 6 shows how the four coefficients required to determine the properties 
of cemented doublets depend on the value of N. The changes in y are much 
more important than those of the other functions. It is mainly the value of y 
which determines the suitability of a combination of glasses for any given purpose. 
his value of y is to be compared with the value which is required to correct the 
system. ‘The equations to be used are, for the first component, 


B+p(1+m)=2+0+14, 
y+2py+p2(1+2a)=5+20+2¢, 
ind for the second component 
6+p(l+m)= —3(2+0)+4, 
y +2py + p2(1+2a) =9(5 + 2a) + 4¢4. 
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Figure 5. Curvatures of unbent lens Figure 6. Aberrational coefficients for 
surfaces. cemented doublets. 


Che first equation of each pair is used to determine the value of p, and the desirable 
alue of y is found by substituting for p in the second equation. As they stand, 
he equations apply to components with the crown lens leading ; when the flint 
ens leads the signs of f and y are to be changed. 

Figure 7 shows the curves giving the desirable values of y for several values 
f 6 ; the cubic curve giving the value of y for these glasses when all the surfaces 
re spherical is repeated from figure 6. It will be seen that the value of N where 
re last curve intersects the others extends from about N=3 upwards. ‘The 
1inimum corresponds to a value of ¢ of about 8. Since WN is positive for all 
1tersections, the glasses to be used are a normal crown and a normal flint. For 
1e minimum value of N a somewhat extreme pair would be required, but good 
ombinations seem possible for values of ¢ between, say, —6 and 24. Figure 8 
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shows the corresponding curves for the positive component when the flint len} 
leads. The deductions to be drawn in the two cases are very similar. ! 

The vertical displacement between any # curve and the cubic curve for ati 
value of N indicates the amount of figuring of the lens that would be needed. If 


is immaterial whether this is done on the first or the last surface. The scale ig 
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leading. leading. 


such that when N=1 the distance of the cubic curve above ¢=0 represents the |} 
figuring that would be needed to make a single lens of index 1-625 aplanatic 
and when N= -—1 that required if the index were 1-66667. 
Figure 9 gives results for the second component with crown lens leading. |} 
The curves are here much more widely spaced, and the minimum value of N'|]}, 
1s negative and probably numerically too large to be attractive. Positive values. |{| 


; 


Theoretical investigation on telephoto lenses 


553 


of ¢ less than 20 that involve no figuring would have to be made from a pair of 
glasses with the greater dispersion in that of lower refractive index. For negative 
values of 4 or positive values greater than 21 a normal pair of glasses would 
be used. If a negative value of N were accepted as a basis of construction it 
would probably be desirable to modify. the initial assumptions to the extent of 
using a negative component of somewhat greater power than the positive, and 
thus enable a very small value for the total Petzval sum to be maintained. 
Figure 10 shows the curves for the negative lens when the flint glass leads. 
The inferences to be drawn are very similar to those from the previous case. 
Doublet lenses represent one of the extremes within which it is desirable to 
work. Symmetrical triplets represent the other extreme. Figure 11 shows 
in full lines the curves for y, and y, as_well as for y, and in broken lines those for 
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Figure 11. Aberrational coefficients Figure 12. 
for triple lenses. 


Symmetrical triple 
lenses. 


s+y,andy+y,. Itis possible to make from given glasses a cemented lens having 


yroperties intermediate between those indicated by the appropriate doublet 
ind triplet curves.* 


Figure 12 gives curves for both forms of symmetrical triplets. Those relating 
o the positive component have the values of 4 recorded in the middle of the 
liagram. ‘The curves for the negative component have their ¢ values inserted 
year the margin of the diagram. These curves are to be considered in connexion 
vith the y +, curve copied from figure 11 if the crown lens is split, and with the 


* Flexibility can often be secured by not approaching either extreme very closely. For 
xample, it has frequently been required at the National Physical Laboratory to construct highly 
orrected aplanatic objectives, usually two or three in number, for any given specification. If 
emented doublets were made (and cementing is practically essential in many instruments for 
aking fine measurements) it would be necessary to obtain glasses having optical properties 
onforming to a fairly rigid specification ; but this is no longer a requirement if glasses well away 
rom the doublet region on the side of the triplet boundary are chosen. The neighbourhood of 
he doublet boundary is avoided to prevent one part of the divided crown lens from being of an 
convenient shape—it would probably be a deep meniscus for glasses near the doublet locus. 
Vhere large-scale production is involved other considerations become important. 
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y +y curve if the flint lens is split. It is not obvious from this diagram that an | | 
marked advantages are obtainable by the use of triplet components. 
In addition to the values of the six aberrational coefficients, their chromatig 
variations are important. These are shown in figure 13. In applications aml 
additional factor 1/(v, — v») has to be applied to obtain directly comparable figures 
for systems made with different glasses. The outstanding points are the relative] 
unimportance of the variations in w, B and ¥, and again the value of glass combi+ 
nations in which N is numerically small. : 
From inspection of the curves of figures 7, 8, 9, 10 it appears that telephot 
lenses in which the same kinds of glass are used in both components are possible} 
and would be fairly representative of practicable systems generally. Thesq 
systems have been determined for all doublet combinations using the elassaill 
w,=0-64, w, =0-60, and details are given in the accompanying table. The orden} 
of the letters C and F is that in which the crown and flint glasses are arranged 


Figure 14. Preferred form 
of lens. 


Figure 13. Chromatic variation of 
aberrations. 


in the complete system. ‘The first point to be observed is that the values of ¢ ) 
are very restricted. Effectively there are only two choices—either ¢ is nearly zerajf| 
or it is about 21. As figure 4 indicated, the former value is the more promising 1) 
The table below shows that the smaller value of ¢ carries with it a smaller value off} 
N, which is also a favourable indication. From the curvatures of the refracting} 
surfaces of the eight possible systems it will be seen that the one with the least 
steep surfaces has a small negative value of ¢ and is arranged with the two cro 1 
glasses facing outwards. The next best system has a large 4, and beth crow || 

| 

| 

| 


lenses precede the flint lenses to which they are cemented. A close third is the 
system with small ¢ and the flint components preceding the crowns. The for 
of construction which, on this analysis, appears the most favourable is bos 
in figure 14. 

Having selected a type of lens for fuller examination, it is of interest to knoll ni 
whether the construction will be very sensitive to changes in the refractive inde i 
of the glass. ‘To ascertain this it is sufficient to vary one glass only, and the crow | 
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‘Table 


‘l'wo-times telephoto lenses of unit focal length 
Glasses wo = 0-64, wp =0-60 


Glass order 


CHEE CEFC ECE BKCEC 

N 3-407 3:434 3-580 3-607 
f WAY —0-247 —0-083 (asks: 
R, 3-160 3-120 4-317 4-292 
Rs =o Ol.) =A Io 8:187 8-202 
R; —1-064 = itlotlitil 0-044 0-012 
R, SOA) BENS 3°288 De 
R; 11-058 = ileus 11-430 —1-688 
R, 1-442 6-488 7°560 6-502 
N 3-802 3-749 OB aNs) 4-274 
b 21-518 ZA OSS: 22-024 Dive Sid) 
Ry 6-245 6-192 e955 7°824 
7 ARS —2:-288 2250) 12-905 IP IRYS 
Rs; tO, iley7/3} 3-485 SEY 
R, = 9°133 = YAOrs —9-472 — 10-880 
R; 0-400 SUS SH! =(0-050 157i 
Re —3-800 ao 9 —5-000 — 6-415 


The Rs denote the curvatures of the lens surfaces. 


;an obvious choice. Figure 15 shows the curvatures of the six surfaces as the 
sciprocal crown index varies from 0-625 to 0-68 : the corresponding index limits 
re 1-6and 1-47. Itisclear that the stability of this type of lens 1s satisfactory. 
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lens as crown glass is altered. scale. 


One other point calls for examination before we can say that the preliminary 
investigation is complete. We must know whether pairs of glasses having the 
relation indicated by the numerical work are within the range of available types. 
Figure 16 shows a chart of the standard glasses made by Messrs. Chance Bros. 
with the v’s plotted logarithmically. A scale of values of w has been added at the 
top of the diagram. Placed on it is a scale showing the values of N. The infinity 
mark on this scale is placed on the v level corresponding to one of the glasses— 
in this case a flint of reciprocal index 0-60 (in the absence of a glass the correspond- 
ing point on the line of dense flints has been taken), and the value of N correspond- 
ing to any crown glass used in combination with this flint is then read off the 
scale. By comparing this chart with the values recorded in the table it is clear 
that suitable glasses are possible. The results of calculations on the preferred 
form of lens with different indices shows that a good choice of glasses is possible 
for constructing lenses of this type. 


§6. SUBSEQUENT CALCULATIONS 


So far as general exploration is concerned this investigation is now substantially 
completed. ‘The next stage may either be the determination of the aberrational 
coefficients of the next order, still with undetermined glasses, or, as is more usual, 
the selection of probable glasses for a trial instrument, the insertion of suitable 
thicknesses in the lenses, and the introduction of small changes in the curvatures 
to take account of the effect of glass thickness. Experience with cemented lenses 
roughly comparable with those of the system portrayed in figure 14 leads one to 
expect that, at least so far as the central portion of the field is concerned, no 
particular difficulties will arise in making these alterations. This subsequent 
work is not considered here, for the purpose of this paper is to illustrate a method | 
of optical prospecting developed at the National Physical Laboratory. 
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APPENDIX 


The formulae used in calculating the six aberrational coefficients are as 
follows : 
a=3(1+N), a,=3(1-N), a=a,+a,=1, 


h= f=, ’ J=)i +3e, 
ky =o, =ji—a, ky =JoWy =Jo—@, kR=k, +h. 


k, k, and k, are the total curvatures of the achromatic lens and of its crown and_ 
flint components respectively. 


W= AW, + AW, %= —Jy Jo(wy — @,), P= a(w, +e), y= 2B —«, 


V1 = 28), re ak, Od re 2B)o : aks, Yr Vike =j? +ak,—aRp. 
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hen p is eliminated between the equations for coma and spherical aberration, 
€ quantity «#(1+a)—f occurs. An independent check on part of the cal- 
lation is obtained by seeing that —a,a,j(w,—w,) has the same value. The 
indard curvatures of the doublet are 3k, —4(k,—k,), —4k, and those of a 
vided triplet (say crown divided) are $k, }(k,—0k,), —4(kp+O0k,), —4k. The 
ne required for calculating these six quantities and the standard curvatures 
between one and five minutes. 

The formulae for the chromatic variations are 


Aw=w,?—w,?, Axn=k, AB=j(w,?+w,”), Ay=2AB—Aa, 
Ay, = 2779? + (ky —2k,), Ayo = — 2721? + R(2R, — ky), 
Aly + 1+ 2) = R(Ry — he). 
ney follow immediately from the principal formulae on putting 
Aa, = Aj, = — Aa, = — Aj, =e 


d taking the coefficients of e«. 


DISCUSSION 


Mr. G. A. RicHMOND. Mr. Smith’s paper is certainly very interesting and instructive, 
1 should be welcomed by lens designers as the basis for further investigation. 

There are one or two remarks I should like to submit, but as I have not had any 
portunity of doing any computing on Mr. Smith’s preferred form, they must be treated 
my own personal assumptions. From the construction of the lens system, it will be 
‘eed that as far as central definition is concerned, a high degree of perfection appears 
be obtainable, but it would be most interesting to have the full story of the off-axis 
srrations for comparison with existing types of telephoto lenses. If the definition of 
-. Smith’s lens at the edge of the field is no better than that of other types having less 
tortion, then I think his form will be somewhat at a disadvantage. 

The condition of few glass-to-air surfaces is an advantage from the point of view of 
trast, but I am not sure that it is advisable to cement components of such large diameter. 
rer all, the adjacent surfaces can be well made, and the extra variables might enable 
designer to obtain better general definition. 

For reasons previously mentioned, I can only express the doubt regarding higher-order 
srrations at the margin of the field, and if this doubt is justified—and I sincerely hope 
s not—I shall feel that Mr. Smith has tied his hands unnecessarily by correcting each 
nponent in itself as well as cementing them. 

In conclusion, I would point out that while it is recognized that distortion in long-focus 
onnaissance lenses is of little consequence, cases may arise in which it must be 
sidered. 

AutHor’s reply. The paper should be regarded as an illustration of one method of 
ching a provisional design. In the earliest stages, when the number of degrees of 
edom is potentially large, it seems reasonable to reduce these by assuming tha very 
yple forms of construction are advantageous, and to find, under these conditions, what 
- be done to remove low-order aberrations. Having found any types of construction 
ising enough for fuller investigation, an increased number of variables will probably 
required to control higher-order aberrations or to meet other conditions. There is 
hing in the method described in this paper to prevent this. For example, the conditions 
olving ¢ as a free variable are not affected if the juxtaposed crown and flint surfaces 
er in curvature, or if more than two components are used, or non-spherical surfaces 
employed. Changes of this kind may be freely introduced and the new parameters 
en values which enable conditions involving both the first- and the second-order 
rrations to be met. The region explored in the second stage will normally be limited 
view of the conclusions reached in the first. 
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I agree with Mr. Richmond that in this particular case improvement is likely to be 
attained by increasing the number of glass-air surfaces. Some troubles will be sure til 
arise from refraction at the cemented surface of the positive component, and in practice 
when a large relative aperture is required, at least four glass-air surfaces are likely to bid} 
used. While mentioning cemented surfaces, let me say that I realize the practical diffi | 
culties experienced in cementing large lenses successfully, and that these are increase] 
by the extreme temperatures to which the lenses may be subjected. Nevertheless, cemente#} 
combinations have considerable advantages, and I hope ways of cementing lenses of larg} | 
diameter will be thoroughly investigated in the future. 1) 

I am glad to have Mr. Richmond’s view of the defects likely to be found in a lens {I 
what I have called the preferred form. At the moment nothing more has been done thal 
to ascertain that, while considerable higher-order aberrations are present, they are not aff 
such a magnitude as to discourage the attempt to design a system based on this fornt { 
I hope it will be possible to make the comparison Mr. Richmond suggests between thi}, 
and the customary forms of construction of telephoto lenses. i 


| 
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ABSTRACT. Formulae for calculating the effect in a complete optical instrument o 
small changes in the powers and separations of its component parts are collected together} 
The coefficients in these formulae need not be specially calculated, for they are alread } 
known if rays have been traced through the original system algebraically. 


ei LN CRO Wi CAEhO IN 


N recent papers Prof. M‘Aulay and Mr. Cruickshank (1945) have givel f 

formulae for calculating the effect of small changes in optical systems, 

and have described their method of using them in working out the construct}: 
tional specifications of optical instruments required by the Australian Armed! 
Forces. ‘They have based their work on Conrady’s well-known book, and thd} 
fact that they have adopted his notation will no doubt be much appreciated bi ‘ 
the many designers who use it. It is interesting that these authors, with nd} 
previous experience of optical designing, and presumably with no access to otheif! 
works on technical optics, have realized the importance of branching out in thi 
way. They have made useful additions to the normal computing routine, and 
it is rather surprising that formulae of this kind have been used so little, if at allll 
by many workers who rely on trigonometrical methods. | 

Expressions for the same purposes, constructed for use in conjunction wit 
algebraic methods of lens calculation, have been in use for many years. Te } 
the writer a completely algebraic method seems to be altogether preferable to df) 
trigonometric alternative. For the purposes now considered it yields the formulad}, 
desired more simply, and in application involves less calculation. Most of thd}: 
formulae employed appeared originally in papers dealing with other problems 
and it will probably be useful to collect them here. The notation used has bee 
found convenient in many algebraic investigations. Conrady’s and. othe 
trigonometric notations are not suitable. 
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Algebraic formulae for lens calculations can be constructed in very great 
ariety. ‘Those of a general character have common structural features which 
aay not always be obvious. ‘The formulae to be given depend on this structure 
nd have a wide range of application. No difficulties are involved in the special 
pplications, and the formulae are best developed in a general form. The 
ssential property is that the characteristics of a symmetrical optical instrument 
an be expressed in terms of four functions which are regarded as the elements of a 
quare matrix of order2. When several lenses are arranged to form an instrument, 
he four functions of the combination are found from those of the component 
senses by multiplying the corresponding matrices in their proper order. The 
leterminant corresponding to each matrix has the value unity, so that only three 
f the functions are independent. 


25 IMUAADISIDS MONE AMID EE Ke NAb ICOM 


A brief explanation of matrix multiplication should perhaps be included for 
he benefit of some readers. A matrix is a collection of elements which are 
rranged in rows and columns and are identified by their positions. If m, , is the 
lement which lies at the intersection of the pth row and qth column of a matrix 
1, and n, , is similarly the element which lies at the intersection of the gth row 
nd rth column of a matrix n, the element of the product mn of the two matrices 
yhich lies in the pth row and rth column is by definition Xm, ,1,,,, where the 

qd 


ummiation extends over all the columns of the factor m on the left and all the 
ows of the factor m on the right. (The number of rows in 7 is assumed to be equal 
» the number of columns in m.) It follows from this definition that in general 
he products mn and nm are different, so that matrices do not obey the commutative 
2w for multiplication. With this exception they obey the elementary laws 
hich hold in scalar algebra. For example, in forming the product of three 
iatrices u, v, w, we may either form the product wv first and post-multiply it 
y w, or first form the product vw and pre-multiply it by w. 

The matrices to be considered here have two rows and two columns, and the 


tandard notation employed 1s 
Mee BD 
AUOIE: 


‘rom the law of multiplication, if mm =m, », 
Ay,9=A,Byt+CyAx,  Cy,2=AD.+CiCe, 
B= B,B,+D,A,, Dy .= B,D, + D,C>. 
‘his law of multiplication is identical with one of the common formulae for 


wultiplying determinants, and as the determinant corresponding to any ele- 
entary matrix has the value unity, it follows that in all cases 


BC-—AD=1. 


(ey) 


vhere the dots represent zero elements), the law of multiplication gives 


If E denotes the matrix 


Em=m=mE, 
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so that Eis the analogue of the scalar number 1 and commutes with all matrices nil 
If m is pre- and post-multiplied by 


(4 2) 


the product in both cases is E. This matrix therefore commutes with m and ha 
the properties of an inverse with respect to m ; it is appropriately denoted by} 
m1, It is easy to show that if mym,=my,,», then mj),=m,' m,",i.e. the orde}} 
of the factors in the inverse of a product is the reverse of that in the origina 


product. 
The only further point that appears to need explanation is the meaning of | 


matrix equation such as m=n. This equation implies that any element of m iff 
equal to the correspondingly placed element of 1 ; it is thus equivalent to severai 
scalar equations. 


§3. THE MATRIX ELEMENTS 

The events to be recorded in order to represent the passage of light througk 
an optical instrument are the changes of direction brought about by reflexios}! 
or refraction at a surface, and the displacements on proceeding from one surfacif} 
to the next. The instrumental matrix m is built up from matrix factors whicl}# 
represent alternately events of these two types. For the directional changes 


the factor matrix has D zero and for displacements A is zero. In most casei} 


BC is equal to unity. Different systems can be constructed with somewhaif) 
different meanings for the four functions, but it may be assumed here that 
represents the power of a surface or of an instrument, and —D the distanci#} 
along a ray between successive surfaces divided by the refractive index, or, for | 
complete instrument, D is the apparent distance between the extreme point] : 
for which the calculation is made. B and C are angular or linear magnification J, 
Assuming that the matrix relates to a (possibly) skew ray, the precise meaning} ( 
can be seen in all cases from the equation 


Gee eC) 
ome 1s ey] WARY 
where x, y are the co-ordinates of the initial, and x’, y’ of the final point of the ray) 
| 


measured in planes normal to the axis of symmetry, and €, 7 and €’, »’ are th 
products of the corresponding direction cosines and the refractive indices 1 
the first and last media. The same A, B, C, D clearly determine the sagitta 
focal lines. In all the elementary factors B and C are both equal to unity. 

If the matrix relates to tangential focal lines, the displacement factor is thi 


same as before, but the elementary refraction factor is 


cos¢ cosh’ cosd 


in terms of the sagittal A, where ¢ and ¢’ are the angles of incidence and refractior 
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‘he significance of the functions in m in this case is shown by the equation 

(u'dp/ —8h')= (udp Bh), 
here oh is the length of the perpendicular from the initial point of the principal 
ry of the pencil to another ray inclined to it at the angle 3%, and accented quan- 


ties relate to the final values. For example, if « and wv are the distances of an 
bject point and of its focal line, the relation they satisfy is 


(0 -Dm| WF] ao. 


lis is merely another way of saying that, when the end points are the object and 
nage positions, 5k’ depends on 6h but not on dz, i.e. D=0. 


g4. VARIATIONAL FORMULAE 


‘The formulae to be considered express the changes in the system elements 
|, B, C, D due to small changes in the construction of the system, such as changes 
f refractive index, curvature, or axial separation. As the changes are small, 
reir effects are directly additive, and it is only necessary to consider a single 
iteration to obtain the expressions required. In general, the part to be altered 
rill be preceded by an unaltered portion of the system, and followed by another 
naltered part. We therefore write 


M = My. Ms . Ms, 

here the part to be altered carries the sufhx 2. On making the changes we 

early have the variational equation 

| Smt = My . OMly . My. 
It is sometimes preferred to use equations derived from this by pre- or post- 


wultiplication by m", i.e. to use 


—1 ell 
m*.dm=my , . dM . Ms. 


—1 
dm sm =m, . dm, . Mm, >». 


‘he most important cases are when the system 2 consists only of a single surface 
ra single separation, and the change is either an alteration in A, orin D,. Fora 
hange of power, equation (1) may be written 


dB 5D Ds 
aes gaint Yon doa 4 
i 5c) 5A (ot) (Bs 3) (4) 
ad for an altered separation 
dB 8D By 
= Zone Re Ra aerse 5 
& 5c) 5D. (4) ( » Cs) (5) 


‘hus the change 54 in the power of the system due to the change of power oA, 
F the surface 2 is C,B,5A,, and that due to the separation change 6D,.is 4,4,5Dy, 

It will be noted that relations derived from equation (1) involve a knowledge 
f the functions relating to both the preceding and following parts of the instru- 
ent; in other words, the functions require to be calculated from each end of the 
-stem. Duplicating the numerical results in this way is an excellent check on 
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the accuracy of the calculations, for the intermediate quantities are all different} 


T. Smith 


But in many cases it will be desired to avoid this, and equations included in (211 


or (3) are then appropriate. 


reverse trace, and for (3) from a direct trace. In the most general case the relations} 


are 


B 
A% ( 7) = +B, B94; Ay GB PBs By ASO AAO 


A 


C 
D% (5) = D,4D,SAg=CEaD PBs Dy C007 © Gon, 


D 


C 
A$ (3) = —C,C,, yA, — AC, 28By + CyA,, 98C. + A, Ay, D2, 


and 
B 


Des (5) =D,D, SA, # BID eS By DBE oC neo 


Most frequently we require to know the changes due to the alteration of a singl¢ 
If only a separation is altered we insert zero values for 5A,, 5B, 3C4)) 
and note that A,,.=A,, By2=Bi, A, 3=As, Co 3=Cy. 


) $28 (5) 0% (5) = A.D, 
}--of(8)-c)}--aa, 


B > 1 2, C — 2 B 
5(4) -268(4) +8(4) = -D8(5) = B:9De 


1 & 
) +2B8 (5) — Bs (5) We Cin Bde 


)j- 


element. 


the formulae are then 


(9-6 


4o(3)-m( 


and for backward traces are 


B 


(9G 
(3) 06 


6 L\ Af BE eG 2 
(5) 208 (3) +C (3) = ps (5) SCs 


Similarly if 


equations are 


A'S (5) Ce 


= —B3Ay, 


4%(5) 


For (2) the calculated values are found from af} 


For forward traces#/ 


-p{a(2) -0(9)} = 4,080, 


4435) = a(S) = ae 
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vhere the expressions in terms of A may be replaced by their equivalents in terms 
of D already given. It will be noted that use has been made of equations (4) 


nd (5) as well as of (2) and (3) to construct sets of formulae for one-way 
peration. 
If 


cos¢ ) 
UN | 
cos’ } ’ 
cos ¢ 


My — 


2 


nd only A, is changed, the right sides of the forward formulae just given each 


; a ; cos dV’ cos 
ontain the additional factor e # and the backward formulae the factor Ose 


osd cos f° 

Many applications of these relations concern the determination of changes 
»f power or separation required to bring about desired alterations in the functions 
‘or the complete instrument rather than the converse problem so far considered. 
[he changes are determined by the solution of a number of linear simultaneous 
quations, and it is useful to have some guide to aid in selecting the most suitable 
Jements for alteration. To ensure that all changes are small, the determinant 
»£ the coefficients in the equations of the elements to be modified must not be 
mall. Asa rule functions relating to a number of rays will be involved, and the 
ype of construction enters into the problem. But some guidance can be gained 
rom the coefficients for a single ray. A typical case is when the focal length and 
vack focal length, i.e. 1/A and C/A, are to be adjusted. We can then regard such 
juantities as C,5A, or A,dD, as independent variables, with C, and D, or A, 
nd B, as coefficients. Changing for convenience to a double suffix solution, the 
natrix relations give for an instrument with m spaces 


‘ 
C1 o=1 Dea Boa Doxin' 


C,, qa D,, qd Z ?», ? . Bi n De n ; 
nd for one with m surfaces 

2 Aes B,, p-1 A Ag+1,n Coat n 

Aiaq Bia . evils sn base 0! Goer 


‘o that in one case the apparent distance between the surfaces to be altered should 
ye large, and in the other the power of the system between the separations to be 
changed should be large. If these quantities are small it will usually only be 
yracticable to satisfy one of the selected conditions instead of both. 

If three conditions are imposed instead of two, none of the three apparent 
listances, or none of the intervening powers, may be small. ‘This is evident if, 
‘or instance, we note that 


ye 2 F 
Ce Cit D, p 1 Dita i 
© 2 ied 
Cha CiaPi,4 WT Veet Par oe ee ee oy 
2 
Cie Reyes iar, 
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A te 
In his paper already mentioned, Prof. M‘Aulay (1945) puts forwaate : 


approximate formulae for focal displacements. It may be well to point out that 
I gave the exact law which applies in these cases many years ago (1922/23), and 
also the form of the sine condition for oblique rays (1929/30), which is given byt 
the two equations 


Axx’ —x€+x'&' + DEE’ =0, 
Ayy’ —yn +y'7' + Dyy’ = 9. 


} 


Since, following Conrady, this paper ascribes the relation x€ = x’€’ to Lagrange,|]]| 


it should be pointed out now, when it is being repeated in these Proceedings, 
that this is one of several historical inaccuracies to be found in Conrady’s book 
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THE ELECTRON MICROSCOPE AND ITS 
APPLICATIONS 
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Teddington 
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producing images of self-emitting objects; those producing point}}} 

sources of electrons which were then used to project shadows of nearb 
objects; scanning microscopes in which the object was scanned by a fine 
electron probe and images of the object obtained in terms of the seconda 
emission ; and finally, a type very similar in its component parts to an ordinary 
light aileneeons the transmission electron microscope. The greater part ofl 
the lecture was devoted to this last type. 


To speaker mentoned the various forms of electron microscope—thosel}, 


|| 
) 


! 
} 


After tracing events leading to the development of electron microscopesy}) | 


the resolving powers to be expected were discussed together with the limitations 
set by existing electron lenses. ai 


Slides were shown in illustration of the various practical electron microscopes} 


already constructed in America, Belgium, Britain, Canada and Germany, including} 


the commercial instruments produced in the first and last named countries. 

It was pointed out that the maximum “aperture” of existing electron micr. 
scopes was only about one-thousandth of that attained in high-power light micr 
scopes on account of the severe spherical aberration affecting electron lensé 


j 
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Associated with this. small “aperture”, however, was a far greater depth of 
focus. 

The techniques for specimen preparation and the applications of the instru- 
jment were discussed together. New information has been obtained on the fine 
structure of diatoms, which are found to be large enough to be mounted over the 
jholes in a fine wire mesh. 

Most biological material and specimens such as fine powders were mounted 
on films of nitrocellulose or other plastic mounted in turn on the fine wire mesh. 
The plastic films have to be of the order of one-millionth of an inch in thickness. 
‘to avoid undue scattering of the electron beam. Filter-passing viruses, and 
| powders, such as paint pigments, ceramic materials and fillers, and smoke particles 
were mounted in this manner. 

The transmission type of electron microscope could not deal directly with 
massive specimens requiring surface examination, but such specimens could 
sometimes be examined indirectly by ‘replica’ techniques ; these had been used 
in studying the microstructure of teeth and metals. 

Finally, the migratory bands, produced in electron micrographs by electron 
diffraction from the atomic planes of crystalline speciments, were mentioned, and 
also electron diffraction “past a straight edge” giving a banded pattern exactly 
comparable with that obtained in the well-known experiment with light. 


DISCUSSION 


Mr. C. G. Wynne. It is well known that the resolving power of a lens may be con- 
| siderably increased, at the expense of some loss of contrast, by the use of an annular 
aperture. This effect would appear to be particularly suitable for use in the electron 
microscope lenses, with their heavy spherical aberration, and I should be interested to: 
know whether it has been tried. In the presence of uncorrected spherical aberration 
the obscuring of a central part of the beam without any increase in the maximum angular 
aperture of the beam (2« in Mr. Cuckow’s lecture) would give increased resolution and a 
reduction in the effective aberration, together with reduced intensity, and this would not 
be conditional on accurate centring of the annular aperture, which it is suggested might 
be difficult. If this possible difficulty of centring could be overcome (for example by 
‘using the annular aperture at such a position that it could be imaged in the same way 
‘as the source itself is imaged for centring) then the improved aberration would permit a 
small increase of «, with a further gain in resolving power. As « is still further increased, 
the effective spherical aberration may be controlled by reducing the width of the annulus ; 
since the width of a constant-area annulus decreases proportionally to the first power 
of the reciprocal of its increasing mean radius, while the aberration will increase as higher 
powers, large increases of a will necessitate a rapid decrease of aperture area and hence of 
intensity. It would appear that this will be the limiting factor in the process, so that it 
would be interesting to know to what extent the intensity of the source could be increased 
to allow the fullest scope for the method. 


| 


Mr. R. N. Crooxs. Members will probably be interested to hear that a number of 
electron microscopes are now being made in this country, and the firm concerned is the 
one that made the first instrument illustrated by Mr. Cuckow. Although production was: 
suspended until recently owing to more pressing war needs, there is no reason to anticipate 
that the new instruments will not give as good a performance as the ones now being 
manufactured in the United States. The first instrument is expected to be ready about 


the middle of this year. 


Mr. M. E. Haine. I would like to say a few words concerning the history of the 
development of the electron microscope. 
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Early work was carried out mainly in Germany by Knoll and Ruska, these workers, 
having constructed their first transmission-type instrument about 1931. Further work: i, 
was done in the early thirties in Germany by the same workers and others, and by Marton] 
in Brussels. | 

In 1935, in this country, work was commenced on the construction of an instrument}) 
to the design of Professor Martin, of the Imperial College. ‘The instrument was constructed | 
in the Research Department of Metropolitan-Vickers, and on completion was transferred] 
to the Imperial College, and several years later to the N.P.L. The instrument never got | 
past the stage of being an experimental model, although it ultimately gave a good perform-|| 
ance. Further work in this country was held up by the advent of the war until quite 
recently: but in the late thirties Canadian workers at Toronto, Prebus and Hillier, }) 
developed a first-class instrument. } 

By 1938 commercial instruments were available in Germany, and shortly after, | 
R.C.A. of America, having taken Marton from Belgium and Hillier from ‘Toronto on) 
their staff, produced their model B, which is the instrument mainly described in this paper. 

In the last year, work has been recommenced in this country, and a war-time]) 
“Utility ’’ electron microscope is now on the market. ‘This instrument was designed) | 
and is being produced by the Research Department of Metropolitan-Vickers in Manchester. }) 

With reference to a previous speaker’s remarks concerning the use of an annular} 
aperture in the objective stage of the microscope, it should be noted that the width of | 
such an aperture must be altered by an amount inversely proportional to the square of the}, 
radius of the annulus in order to keep the spherical aberration below the diffraction error. 
The area of the aperture will then be inversely proportional to the radius. This will result 
in a reduction in intensity, unless the aperture is placed in the condenser lens, in which. i} 
case an increased current density might be utilized without over-heating the specimen. 
However, a further limitation now creeps in, due to the scattering of the beam in the 
specimen, which now produces r* times the aberration produced in the circular-aperture 
case. 


Mr. H. H. Hopxins. It has been suggested by Mr. C. G. Wynne that the use of 2 
narrow annular aperture stop for the electron beam would serve to reduce the effects of} 
spherical aberration, while having advantages over the small circular stop at present used} 
in giving increased resolution. | 

In the case of light waves, Rayleigh showed that the use of an annular stop gave aj 
narrower central maximum than the usual Airy-disc.distribution, together with increasedif| 
intensity in the diffraction rings. He advocated the use of such a stop in solar observa- 
tions, whereby the illumination could be reduced without impairing the resolving power 
—in fact, this is enhanced. The problem has been treated in detail by G. C. Steward. 

Mr. 'T’. Smith has said that the effects of the annular aperture in the case of an off-axis} 
object point have not been investigated. I would like to correct this impression. G. C. 
Steward has given a full treatment of the case, both for a spherical wave and for a wave 
suffering from first-order coma. Curves are drawn, and it is concluded “... this} 
illustrates a decided gain in resolving power over the full aperture case”. It would, 
in any case, be surprising to observe a sharp discontinuity in these effects when the object-|f 
point is moved off-axis by a distance of first-order magnitude. 

The same effects are well known to microscopists in the use of so-called oblique) 
illumination, which is, of course, a common practice. 

If the electron beam had a circular stop 0-10 inch in diameter instead of the diameter 
of 0-02 inch which has been mentioned, the resolving power would, theoretically, be 
increased five times. An annular stop—if, in this case, an electron beam behaves the 
same as light waves—would give an even greater increase. It would, I am sure, be most 
interesting to know whether this is the case in practice. 
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AvuTHor’s reply. I find that most of the points raised have been dealt with by other 
speakers. No references have been seen to attempts to use annular apertures, and it 
seems to be a matter which might well repay practical attention. One possible difficulty 
would be the apparent necessity for accurately centring the aperture so that all rays 
passed through the system at a common inclination to the axis. I cannot agree with 
Mr. Wynne that the “ increased resolution . . . would not be conditional on accurate 
centring ’ even for such small-angle beams as are now used, for if the centre is blocked 
out of a non-axial beam produced by a de-centred aperture, the residual rays pass through 
the system at a variety of inclinations to the axis, whereas for an axial beam the residual 
rays pass through at acommon inclination. The partly blocked out non-axial beam might, 
therefore, be expected to give a less good image on account of spherical aberration than 
the partly blocked out axial beam. 

The advent of a commerically produced British instrument is awaited with much 
interest. Messrs. Metropolitan-Vickers Electrical Company are to be congratulated on 
proceeding with this work under the conditions which have prevailed in this country 
of late. 


FLAT-FIELDED SINGLET APLANATS 
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ABSTRACT. The design of flat-fielded aspheric aplanatic singlets is discussed by means 
of the “ plate diagram’, and two flat-fielded singlets of »=1-525 are designed. Flat- 
fielded mirror pairs are discussed, and it is shown that a sufficient condition for Seidel 
field-flatness is that object and image should lie on planes tangent to the mirror surfaces. 
Some formulae relating to reflecting microscope design are given. 


Sle LEN ROD Ui CaO IN 


INGLET lenses can be designed to give flat-fielded anastigmatic images of 
distant objects, in the extended paraxial region, provided the refractive 
index exceeds a certain critical value n=1-602..... Both surfaces must 
be aspherized unless n= 1-618 ...., when the convex face may be spherical (Burch, 
1943). L.C. Martin (1944), applying Chrétien’s aplanat theory to the “critical 
case”’, n=1-602...., has obtained design formulae valid outside the extended 
paraxial region, and has shown by ray-tracing that the resulting lens, at f/5, 1s 
well corrected (as a monochromat) over a semi-field of 7° 30’. The lateral colour 
error of these lenses may be anulled by a diaphragm placed a short distance in 
front of the front surface. The longitudinal colour error of course remains. 
To reduce this error we may prefer to select a value of less than 1-602...., 
though this means sacrificing exact flat-fielded anastigmatism. So we are led 
to discuss the theory of flat-fielded aspheric aplanatic singlets. ‘This may con- 
veniently be done by the method of the plate diagram described in the previous 
paper (Burch, 1943). 
§2. GENERAL THEORY OF APLANATIC SINGLETS 
We shall use the notation of the previous paper : let the singlet have a front 
surface of paraxial radius p (positive if convex), back surface of paraxial radius 
R (positive concave), thickness d and refractive index n. It is necessary to define 
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the position of the object in some manner, and we do so by means of the positioa} 
of the intermediate image, because this is referable with equal analytical sim: 
plicity to either surface. Let this image be formed in glass at a distance L insidd 
the pole of the front surface (see figure 1). We can regard this singlet as at | 
anastigmat to which there have been added four aspheric plates, two of thesq) 
being the figurings on the p- and R- surfaces respectively, and the other two thi) 
negatives of the ‘“‘ Schmidt” plates which would be necessary at the p and AY 
centres to anastigmatize the refractions at the p and R surfaces if these werd 
spherical. For the more convenient summation of the effects of these aspheric | 
plates we create an artificial star-space (i.e. a space in which the object is a4) 
infinity, ‘among the stars”) by allowing a hypothetical anastigmat of unij) 
focal length (in refractive index m) to act on the intermediate image. In thi 
star-space we draw the plate diagram. Let m,, m, be the strengths in star-spacd) 
of the missing anastigmatizing plates of the p- and R-surfaces and ms, my, the 
strengths of the p- and R-figurings. Let the distances in star-space betweer} 


these plates be as shown in figure 1. 
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Figure 1. Two-surface system and its plate diagram. 


for these strengths and distances. 
We have then 
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R-plate strength 


Ma =HY(n=1)n({L— dL —d- RS (L- d)— ew3) retardation 


SR L = lacking, 


ee (2) 
H being the zonal height in the artificial star-space. 
Now, if in any plate diagram we equilibrate the zeroth and first moments about 
any pivot-point of a a of strength m, retardation lacking, by means of two 


plates, one of retardation > “piistant 6 to the left of the —m plate and one of 


retardation ae distant « to the right of it, we shall provide a surplus of second 


moment (about any pivot point) of amount «8. Accordingly in aplanatizing the 
singlet, i.e. in annulling by suitable choice of the figurings m, and m, the zeroth 
and first moments of the plates m, and m,, we shall provide an excess of second 
moment consisting of two contributions, associable with the p- and R-plates 
respectively. 

For the p-plate 


A =(at+b+c); Bp = —(a+b); [maf]p = —(a+b)(a+b+c)m,. ) 
For the R-plate an eee (3) 
ar=(b+c) ; Br=—)b; [maB]p= —b(b+c)my. J 


Thus the second moment of retardation of the aplanatic singlet is 


ST on H— creo elie 


It is easy to show that plate-diagram second moments are independent of the focal 
length of the diagram, and are proportional to the square of the refractive index 
of the star-space. Eight times the coefficient of second moment of retardation 
of a plate diagram drawn in air, when multiplied by the square of image height, 
gives the negative astigmatic interfocal distance of the image. Accordingly at 
image height / the aplanatic single has 

Negative A.I.D.= 


HED [oot 2 -nealgtlgt I] 


It also has Petzval depth, given by 
h2(n—1)/ 1 :) 
reat ig | (wade 6 
2n € R}- ( ) 


Let us equate (5) to « times (6). This gives the condition that the astigmatic 
interfocal distance should be « times that needed to make the surface of best 
definition flat, when the singlet is rendered aplanatic by figuring: 


fe 2a hea te tet thea dt) 
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which differs from the anastigmatism condition obtained in the previous papei} 
K(L—d) «L 

2n °-2n° | 

If we fix the front radius, p, and the object distance, L, and satisfy (7), on 
of the two variables, R and d, remains at our disposal, and we may use it to ann | 
either of the two figurings. We can achieve aplanatism with only one figured} 
surface if, and only if, the combined first moments of the R- and p-plates anon i, 
that surface are zero. . 

Thus the condition for aplanatism when the front surface only is figured | 
m,/m, = —a/(a+), i.e. . 


of Lt) Se ee n+] | 


only by the inclusion of the terms 


p Pp n ws R She nh qe” (8) | | 

and the expression for the negative astigmatic interfocal distance then reduces tell 
eye | | (9) 
ose - Rigel eee 

When the back surface only is figured, the condition for aplanatism is 

ea “l- zeae) Tk zt] (10) 
UR R jel p p (L-d) ned over 
and expression (5) reduces to 
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We shall now confine our attention to the case when the object is at infinity 
that is, we set L=np/(n—1). Let us set 


L-d es 
x=d/p ; VS Sea ee Pee 


and the condition that the astigmatism of the aplanat should be « times tha 
needed to flatten the field of best definition—equation (7)—reduces to 


=| af (m4 —— ee 7 i} —nt— 5 


+3[ 0 siya vin —1)(3n4145) tne | 


+ x[n —(n —1)x]?=0. Shoe és (13) 


When « is fixed, equation (13) defines a curve on the («, 2) diagram passing throug 
all the points (x, 3), representing singlet aplanats having field-flattening coefhicient}} 
« for distant objects. ‘Two cases, «=1 (the flat-fielded aplanats ; curve E) and| 
« =0 (the anastigmats ; curve F), are illustrated in figure 2, which has been com-| 
puted for »=1:525. We may conveniently show on the same diagram the twa 
curves, A, of the aplanats which only require figuring on the front surface, and Bi 
of those which only require figuring on the back surface. 


| 
| 


} 
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Curve A is obtained from equation (8), which reduces to 


(n—1)(1—y)(1/n +1 —y)[n — (n= 1)x(1 —y)]=1, 


while curve B is obtained from equation (10), which reduces to 


y=1+ i + ce ae 

2n 4n® + (n—1)?+n—(n—1)x’ 
' y being defined by (12). 

The lenses of curve A have negative A.I.D. given by 


—h2 gstx—-1 
np (me ) 
n— 


Figure 2, 


from (9), while from (11) lenses of curve B have negative A.I.D. of 


tape (eee 


")=| [z+x—1] 


_ For the sake of completeness we notice in the general case, when aplanatism is 
achieved by figuring both faces, the lens, whether flat-fielded or not, has a negative 


A.I.D. of amount . 
—h?(n —1) ~x-(s+a)(7= GM)" 


n{n—(n Sale x 
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ms < . 4 | 
We may conveniently add to the diagram the afocal line, C, the equation off) 
which is |) 


The focal length of any singlet is obtained by dividing R(= xp) by (x —1) times} 
the height above the afocal line of the representative point. Finally, we add} 
the line D, which represents those singlets which are laterally achromatic when 

used as eyepieces with an objective of very great tube-length : the equation of) 
this line is 


and the clear distance of the eyepoint of this eyepiece in front of the p-surface is 


d n? 
awayal*- ca Bee (21) | 

We are now ready to discuss the diagram. First we notice that the flat-field| 
curve (E) intersects the anastigmat curve (F) in two places. One of these, }f 
x=0, x=1, is trivial, in that the lens vanishes by coincidence of the surfaces. At} 
the second intersection, the two curves represent different lenses. Both share} 
the properties R/p=0, d/p=0, and so they have the same representative point :} 
they differ in that in the anastigmat d/R= —1, while in the flat-fielded lens, as wei} 
approach this point, d/R approaches -(1 + 5; ) 

p of course must be made infinite to obtain two physically realizable lenses. 
The former is the refracting analogue of the Schmidt camera: the latter is thed} 
refracting analogue of the “‘short”’ (Schmidt-Wright) system, in which enough) 
astigmatism is introduced to annul the Petzval term of the mirror. 

Next we observe that all the flat-fielded aplanats lie within the range} 
—0-45<d/p<1:8 approx., and all the anastigmats within the range} 
—0-36<d/p<1-6. (The anastigmat curve ends in a “singular point” at R/p= 
1-563...) Save in the trivial case of evanescence, none of these lenses fulfils} 
the lateral achromatism condition of the “ simple” eyepiece, and none is tele-+}} 
scopic. ‘lwo flat-fielded aplanats exist which only need one surface figuring :| 
one, figured on the front surface, corresponds to the intersection of curve Aj 
with the flat-field curve, having d/p = —0-41, R/p=0-435. To make this lens} 
physically realizable, we must make p negative : it is thus a converging meniscus, 
presenting a concave face to the incident light. If we set p= —1, the focall} 
length, F, is 2-559, and the astigmatic inter-focal distance is 0-222... h? =0-568.. j 
h?/F, i.e. 0-568 times that of a centrally diaphra gmed thinlens of the same focal] 
length. 

The second example, in which only the back surface is figured, correspond | 
to the intersection of curve B with the flat-field curve. It has d/p =0-98, R=1-10.] 
If we set p=+1, F=4-75, and the astigmatic interfocal distance is 0-017 h?,| 
=0-081 h?/F. ‘The shape of this lens does not differ much from that of the m = 1-6184) 
flat-felded anastigmat described in the previous paper. If we “diaphragm” 
it at the pole of the back face, the first refraction will be nearly distortionless, while 


| 
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the second will provide the rather heavy pincushion distortion of fractional 
amount }(m?—1)0? due to refraction from glass to air. The alternative design 
given above, supposed diaphragmed at the pole of the front face, will give the 


: : ote ee n?—1 ; : 
barrel distortion of fractional amount (Se due to refraction from air 
n 


to glass, since the distortion due to the second refraction will obviously be small. 
Both distortions are increased by shifting the stop to the point giving paraxial 
freedom from transverse chromatism, which lies a distance D’ in front of the pole 
_ of the front surface, given by 


D'= pd[(n —1)R—np + (n—1)d] 
[mp —(n—1)d]? — R[n’p — (n? — 1)d] 
(This expression was derived in the previous paper.) 
Thus the p=1, d=0-98 example has its lateral achromatizing point 0-34... 
in front of the front surface, while the p= —1, d=0-41 example has it —0-315 
in front of the front surface in object space—i.e. about 0-1 behind the back face 
in image space. When the lenses are “ diaphragmed ”’ at these points the respec- 
tive fractional pincushion distortions at object angle 6 are 0-676? and — 0-31 6?. 
It remains to calculate the strengths of the figurings needed in the two cases : 
in the artificial star-space the retardation required is m,+mz, (expression (2)). 
‘Transference to “fresh air”’ (i.e. air in front of the front face of the lens), since it 


increases the zonal height by a factor — multiplies plate strengths by 


ee . 
(=) . This gives for the figuring needed on the front face of the first (ep = — 1) 
P 


example a glass thickness of 3:27 h* at zonal height h. Evaluating the corre- 
6 ; ie 4 
sponding quantity for the second example (p=1) and mulitplying by (=) 


to allow for the reduction of zonal height on passing to the back face, we find 
that the thickness required at height / on the back face is 0:277h*. ‘This com- 
pletes the extended paraxial data for these designs. 


§4. DISTORTION OF SINGLET APLANATS 


I shall give, for the sake of completeness, expressions by which the distortion 
of these singlet aplanats can be computed. We consider, then, the plate diagram 
shown in figure 1 (in glass). It is convenient to divide the distortion into six 
contributions—three associable with refraction at the first surface and that part 
of the total figuring which aplanatizes it, and three associable in a corresponding 
way with the second surface. 

If the principal ray make angle w, with the axis in a star-space of index n,, 
and a plate of retardation mh! be situated at distance S down-light from the stop, 
the fractional pincushion distortion due to the plate is w,?4mS3/n,. The aplana- 


tizing figurings a are defined in §2 have together a third down-light 


moment about the p-centre of amount mapBp(ap—Bp). So the fact that the 
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refractions are aplanatized only, and not anastigmatized, provides, when the} 
stop is located at the refracting centre, a pincushion distortion coefficient} 


4mapBo [xp — Bp], and correspondingly for the R-surface. (I retain the subscrip}]] 
ns | 


sin although for the glass star-space n, =n, as a reminder of the origin of this} 
factor.) Shifting the stop a distance S up-light increases the third moment 0} 
an aplanatic plate triad by 3S, times its second moment. But the second moment} 
was shown to be mx. Hence the plate contribution to the distortion is} 


vee [«—8+3S,] with subscript p and Rin turn. The remaining terms are} 

s 
the Petzval contributions which would operate if each refraction were anastig+ 
matized by a plate at the refracting centre. If we set S,= Sp, for the case of the 


p-centre, and Sp,=Sp,+a for the R-centre, the Petzval contribution is 


n—1 Sps al 5 
-()n a | (23) 


We find from (1) 
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while (maP)p and (maP)p are the respective coefficients of H* in (4), so that t 
plate contributions are 


7 ele a C sails )] i (L Sey se be OE +38 Jos 


and 
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These formulae relate to the star-space of index n,=n, defined in §2. If wef 
wish to transfer to a star-space of index 1, of the same focal length, we must delete} 
the factor 7, and substitute for the brackets containing Sp,, Sp, the values, nj 
times smaller, of the corresponding distances in the new star-space. If we transfer 
to a star-space of g times greater focal-length, the corresponding distances will be} 
increased gq? times. When the object is at infinity it is natural to select as star-] 
space “fresh air” in front of thelens. In that case putm,=1 inthe above ; for a,] 


, rae SL ee 
[«—P]p and [«— Bp, substitute == = [a—p] ; 7 l* Blas and for S,., Sr 


use the actual “fresh air” distances. 
The distortion values given in §3 were obtained in this way. But I have) 


failed to find any method of simplifying (23) to (25), so the search for a distortionless} 
flat-felded singlet aplanat remains a problem of trial computations. 
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§3. REFLECTING FLAT-FIELDED MIRROR PAIRS 


It is often salutary and sometimes instructive to set n= —1 in thick-lens 
formulae. 
Let us set e=1, m= —1 in (7); then the thick singlet becomes a mirror pair 
_ and the condition Le flat-fieldedness reduces to 
IEE L-—d (L—d)[(L—d) L 
«| F0-a)-454]- ape R (R+d)— PH cee (26) 
ae Xe 1 Loe LL \ -p?(R+4) 
a (z=) + (sa - mga toa) ~ fee Ce 


_ Let w be the distance of the object from the p-miurror, then 


L—d_ wu(p—d)+d(p—u) 
EOE up 


and 
R R?u2(p —d 
[p—d) +d (p—wht + seh «Ruled +(p-y] = “FEO. 29 


The corresponding conditions for anastigmatism instead of flat-fieldedness are 
obtained if in (27) or (29) the second term on the L.H.S.—the “ Petzval”’—is 
deleted. 
Two object-positions are of special interest—at infinity, or on the surface of 
one of the mirrors. We shall first set «= 00 when (29) reduces to 


Rp[R + p — 2d 


or 


R= MoO 4d + Vp + IOP PoE ee eat: (30) 
P 


It may be verified that this is identical with the condition given in another notation 
by Schwarzschild for extended paraxial flatness of the surface of best definition 
of an aplanatic two-mirror telescope objective. Such objectives have been 
very fully discussed by Schwarzschild, Chrétien and others. I shall therefore: 
touch only on two points, about which I am frequently asked : Is there a design 
of two-mirror telescope O.G. in which (a) only the primary mirror, (6) only the 
secondary mirror should be aspherized ? ‘The answer to both questions is 
yes, but the images in both cases are inconveniently placed—unless, indeed, one 
is prepared to figure the one figured mirror about a centre lying outside its rim, 
_and so make an eccentric portion of an axially symmetrical objective—to make 
what might be called a Herschelian-Schwarzschild objective. When the primary 
mirror is to be figured, we must satisfy equation (14), which reduces to 


d R | R+2d—p ] 2 
p 2d—p|2R+2d—p 
I think Schwarzschild himself pointed out the high “obstruction ratio”’ due 
to the secondary mirror in this case. Examples are p=1, d=9/32, R= —7/32 
Band p=1, d=4/9, R= —1/9. 
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When the secondary mirror is to be figured, we must satisfy (15), which] 


reduces to y 
ae p—2d a d an lk 
R=(p—2a)(S=F (14 py to (32) | 


‘To make the primary mirror larger than the secondary, we must make p positive] 
and d<p, while a real R demands p<2d. To obtain a real final image we have: 
therefore to take the negative root. The final image of this rather peculiar) 
“Gregorian” is awkwardly placed, lying between the primary image and| 
the secondary. Example, p=1,d=0-7, R= —0-1722. 

On the other hand, in the reflecting microscope (‘“ projection” O.G.) we do, 
not object to a secondary mirror several times bigger than the primary, and so) 
we may set p negative in (32), with a physically real (positive) d, and take the} 
negative root: examples, p=—1, d=4, R= —5-4, p=—1, d=7, R=—8-91.) 
If it is desired to use apertures up to 0-65 N.A.—and this I find is possible—higher 
order aberrations cannot be neglected. (32) then gives only a rough approxi-~ 
mation to optimal values, and the final spacing should be determined by ray: 
tracing or—more simply—empirically. Expression (32) was given (in another’ 
form) by Schwarzschild. 

Let us now consider the other special case, when the object lies on the surfatt 
of one of the mirrors. If we set u=d, i.e. put the object at the surface of the} 
R-mirror, expression (29) reduces to 


4(p—d)(R4d)=Rp,- + > eee (33) 
the corresponding condition for anastigmatism being 
4(p—a)\(R+d)=R2 ae (34) 


But (33) is a physically symmetrical expression, for it states that the product of 
distances from the centre of each mirror to the surface of the other is equal to} 
the product of the focal lengths. ‘This suggests what may be verified formally, |} 
that since the object lies on the surface of one mirror, the image will lie on the}| 
surface of the other—an elegant and unexpected result. If, in addition to flat- 
fieldedness, we demand anastigmatism, we must set p=R, giving 3p2=4d?,|| 
and the magnification of the pair is 2+ V3. 
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DEMONSTRATION : 


A FRANCK AND HERTZ CRITICAL POTENTIAL 
EXPERIMENT 


By) SANDERS; 
Clarendon Laboratory, Oxford 


Demonstrated 8 Fune 1945 


HE experiment to be described is a repetition of the well known Franck 

| and Hertz method of finding the critical potentials of mercury vapour 

(Franck and Hertz, 1914) suitable for lecture demonstration. It 

makes use of the cathode-ray oscillograph, and shows the use of the instrument, 

not only in demonstrations of this sort, but also in obtaining rapid qualitative 
observations in experiments involving two independent variables. 

The electrode structure of the vapour-filled bulb is shown in figure 1. The 
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Figure 1. Electrode structure. 


electrodes are of nickel and the filament of 100-4 tungsten. ‘The bulb was evacu- 
ated and the glass envelope, electrodes and filament were subjected to the usual 
out-gassing processes. A small quantity of mercury was distilled into the bulb, 
and this was then sealed off from the pumping system. 

To show the curves relating collector current to grid voltage on the oscillo- 
graph screen, the oscillator shown in figure 2is used. ‘This delivers an alternating 
voltage of saw-tooth form between the filament and the grid. By using the 
cathode follower output, the grid swings from zero volts up to a positive voltage 
of about 30 volts peak with respect to the filament. ‘The usual source of a small 
constant potential between the grid and collector is omitted, and the electron 
current flowing through the resistance in this circuit maintains the collector at 
a small negative potential with respect to the grid. The voltage across this 
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resistance is amplified and applied to the Y-plates of the oscillograph, and the) 
saw-tooth oscillator output is applied to the X-plates. | 

The shape of the curves obtained has been adequately explained elsewhere] 
(Compton and Mohler, 1924). The shape depends greatly on the pressure off 
the mercury vapour in the bulb. The main kinks are due to the 4-7, 4-9 andj 
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Figure 2. 50-cycle saw-tooth oscillator. 


5-4-volt critical potentials. These three potentials are not resolved, though this} 
has been done using a version of the Franck and Hertz apparatus (Morris, 1928)! 
The size and number of the kinks grow as the pressure in the bulb is raised. 
The optimum working temperature seems to be about 120°c. A _ photo4 


——> Collector current 


—— Grid volts 


Figure 3. Curve taken at 120° c. 


graph taken from the oscillograph at this temperature is shown in figure 3,] 
The first two kinks are separated by about 4-9 volts, and a smaller kink, due 
possibly to electrons undergoing one 4-9-volt and one 6-7-volt inelastic collision 
can be seen on the side of the second main kink. The kinks appearing at high 
grid voltages are due to electrons undergoing various combinations of the 4-9-volt 
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group of collisions and 6-7-volt collisions, as explained in the paper of Compton 
and Mohler. 

The change of shape of the curves as the vapour pressure of the mercury in 
the bulb is altered may be demonstrated in a few minutes by using the 
oscillograph, this representing a very considerable advantage over the more 
conventional “D.C.” approach to the experiment. 

I am indebted to Mr. C. H. Collie and Dr. D. Roaf for their help in setting up 
this experiment. 
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Dr. 'T’. B. Rymer. I should like to ask Mr. Sanders whether it is possible to use any 
type of commercial thyratron valve for a demonstration of this kind, in place of the specially 
constructed valve we have seen. 


Mr. A. E. JENNrNGs. Assuming that the author derived his Y deflection, which was a 
measure of the current passing to the outer electrode, by applying the potential drop 
across a high resistance in series with the small constant retarding potential to the Y-plates 
of the C.R.O., did this varying potential not affect the constant retarding potential, and 
how did this affect the validity of the experiment ? 


AUTHOR’S REPLY. ‘The most important condition which has to be fufilled in order to 
obtain large sharp kinks is that the drift space between the filament and the grid shall be 
large compared with the distance between the grid and the collecting electrode. This 
condition was not fulfilled by the only thyratrons which were available, and it was there- 
fore thought better to make up a suitable valve. 

Mr. Jennings is of course right in pointing out that the collector potential is not 
constant in this experiment. The effect of the 100 kK. resistance between collector and 
earth will be slightly to diminish the sharpness of the kinks, as compared with the curves 
taken with a fixed retarding potential. As is seen in figure 3, this effect is not serious. 


DEMONSTRATION : 


APPARATUS ILLUSTRATING THE MICHELSON 
STELLAR INTERFEROMETER 


Byebs i DREANOR.S-]., 
Clarendon Laboratory, Oxford 


Demonstrated 8 Fune, 1945 


HE effect upon which this instrument operates is the disappearance of the 
interference fringes formed by two similar apertures by the appropriate 
displacement of the patterns arising from neighbouring sources of light 

(Michelson, 1890, 1920). In a laboratory experiment the relation between 
the angular separation of the objects to be resolved and the separation of the 
diffracting apertures is most conveniently altered by varying the former, since 
a double slit of variable separation is rarely available. The use of a Fresnel 
bi-prism, and like devices for producing artificial doubles, is prohibited by the 
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fact that the components so produced are coherent sources, and do not therefore | 
simulate a genuine double star. ) il 

These difficulties are overcome by the use of a Wollaston quartz compound i 
prism, which is placed (figure 1) on an optical bench in front of an illuminated |} 


Figure 1. 


| 
pin-hole. ‘The prism produces the components by double refraction, the light 
from each being polarized in mutually perpendicular directions. Since the) 
components are selected from different planes of vibration of the natural light. 
from the pin-hole source, they are genuinely incoherent, in the sense that they | 
would not interfere, even if brought back into one plane by introducing a polaroid 
plate. | 

The effect is observed through a small telescope, whose objective is covered 
by an appropriately oriented double slit. It is convenient to cover part of the 


slit with a weak cylindrical lens, which has the effect of producing a greatly 
broadened pattern, without altering the distance between successive maxima. | 


Figure 2, 


The telescope should be a couple of metres from the pin-hole. Slits 2 mm. 
apart, of width 0-3 mm., with a cylindrical lens of 0-25 dioptres, give easily observed 
fringes in a telescope of 30 cm. focal length, x10. Their disappearance may be 
observed for various separations of the components, produced by moving the 
Wollaston along the bench. 

Figure 2 indicates how the artificial double may be used in a very similar way 
when it is desired to photograph this and other diffraction phenomena connected |} 
with double-star resolution. The apparatus is here adapted to the optical system ||| 
of a spectrograph of 150-cm. focal length, the collimating lens being the only | 
important modification to the arrangement of figure 1. Owing to the incoherence 
of the light from the components and their different planes of vibration, a polaroid | 
may be introduced between collimator and camera to vary the relative intensities | 
of the components. I have used the diffraction photography arrangement of } 
figure 2 to photograph the advantageous effect which a square stop affords in | 
resolving artificial doubles of very unequal intensity. 
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OBITUARY NOTICES 


JOHN AMBROSE FLEMING 


WiTH the death of Sir Ambrose Fleming the Physical Society loses the last survivor 
of its Founder Fellows. That bald statement does less than justice to a connection 
which is unique in the history of scientific societies, for on 21 March 1874, at the inaugural 
meeting of the Physical Society, the first communication to be presented to the Society 
was a paper by J. A. Fleming on the theory of the galvanic cell. During the long and 
distinguished career that followed this auspicious opening, Fleming contributed more 
than one hundred important papers to the Proceedings of various learned societies and 
institutions, and of these papers more than a third have appeared in the Proceedings of the 
Physical Society. The interval between the first and the last of these communications 
was no less than sixty-five years, for on 28 April 1939 Sir Ambrose Fleming read before 
the Society a paper on “‘ A new method of creating electrification ’’, illustrated by expeti- 
ments. ‘Ihe occasion was one never to be forgotten by those who were privileged to be 
present. ‘The veteran author was in fine form, and his presentation of his paper, made, 
as it was, in a clear and resonant voice, not read from a manuscript, logically developed 
without the introduction of a superfluous word, was a model for speakers not a quarter 
of his age. Fleming, early in his career, had obviously profited by the classic advice given 
to young debaters: “‘ State your case, clear your case, prove your case: sit down”’; 
his published works bear eloquent testimony thereto. 

John Ambrose Fleming was born on 29 November 1849 at Lancaster, where his father 
was a Congregational Minister. When he was about five years old, his parents removed 
to North London, where his youth was spent. Quite early in his life, he, like Clerk Maxwell 
before him, showed a decided inclination to investigate the “‘ particular go” of any 
mechanism that came his way, and he equally early developed, with home-made apparatus, 
that technique of popular lecturing in which, in the years of his maturity, he was to prove 
himself a worthy successor to Faraday and to Tyndall. 

After some years of attendance at private schools he was sent, at the age of fourteen, 
to University College School, then housed in a wing of University College in Gower Street. 
He had (in common with many other lads of similar tastes) ambitions towards the 
engineering profession, but the usual mode of entry thereto—a long apprenticeship and a 
high premium—was out of the question, so it was decided that he should work at school 
for the London Matriculation Examination, which he passed at the age of sixteen. Then 
followed two years at University College, where he studied under Carey Foster, A. W. 
Williamson and—an influence for life—that great teacher and erudite genius Augustus 
de Morgan. At eighteen he passed the first B.Sc. examination of London University, 
but the question of earning a living loomed large and, after a fruitless and unhappy three 
months in the offices of a shipbuilding firm near Dublin, he returned to London to take 
up work as a clerk on the Stock Exchange where, the hours of work (10 a.m. to 4 p.m.) 
being short, ‘‘ I had a good deal of time for private study”’. It was a hard task he had 
set himself but he won through and the 1870 pass list for the degree of B.Sc. in the 
University of London contains the name of John Ambrose Fleming in the first division. 

He now bade farewell to the Stock Exchange, though he never regretted the time 
he had spent there, for the knowledge of business, methods thus acquired proved very 
useful in his later consulting work. Through the good offices of Frankland the chemist, 
he obtained the post of Science Master at Rossall, a public school on the Fylde coast 
between Blackpool and Fleetwood. Here he taught with characteristic energy and success 
for a year and a half and, equally characteristically, determined that he had. “ in some 
senses more need to be still a student rather than a teacher’’. He resigned accordingly 
in the autumn of 1872 and immediately entered Frankland’s laboratory at the Royal 
College of Science in Exhibition Road, where at that time Frankland professed chemistry, 
Guthrie physics and Huxley biology. He became research assistant to Frankland and 
took a share in the teaching in the department. It was during this period that he read 
the paper, previously mentioned, at the inaugural meeting of the Physical Society. 
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| 

In 1874 he was appointed science master at Cheltenham College on the civil and|| 
military side and was now embarked on what for many would be a life’s work; but Fleming] 
was by nature a student and an engineer. While at Cheltenham he read with care 
Faraday’s Experimental Researches and, possessing a fairly strong electromagnet, repeated|| 
on a small scale Faraday’s abortive experiment to detect electric currents induced in aj} 


river flowing across the earth’s magnetic field. Fleming sent a stream of acidulated water 
down a tube placed between the poles of the magnet and carrying, fixed to opposite side 
by wires sealed through the tube, two strips of platinum foil. When the magnet wa 


energized, the strips exhibited the characteristic polarization effect. Fleming described|} 


this result in a paper read before the British Association at its Bristol meeting in 1875. — 

But Fleming had also been reading Maxwell’s recently published treatise, and, coming} 
to the conclusion that his mathematical equipment was defective, resigned from his safe 
£400 a year post and entered Cambridge in October 1877 as an Exhibitioner of St. John’s s 
College. 

One of Fleming’s principal objects in going to Cambridge was to study and won 
under Maxwell, who assigned to him the task of comparing the various coils that 
had been constructed to represent the B.A. unit of electrical resistance and to deduce 
its most probable value. To that end Fleming constructed a special form of Carey Foster 
bridge, promptly christened by Maxwell ‘‘ Fleming’s banjo”’. He took careful and 
copious notes of Maxwell’s lectures, and presented the bound cone of notes to the 
Cavendish Laboratory on the occasion of the celebration of the centenary, in 1931, of 
Maxwell’s birth. 

In 1879 Fleming took his D.Sc. degree in London and in 1880 graduated in Cambridge 
by way of the Natural Science Tripos. In the same year he was appointed Demonstrator} 
in Mechanism under Professor James Stuart and in 1882 was elected to a Fellowship aty 
St. John’s College. In the meantime he had left Cambridge, having been appointed] 
in 1881, through the influence of Professor Stuart, to the chair of Mathematics _and| 
Physics at University College Nottingham. 

But events were impending which were to make his tenure of the Nottingham post} 


of short duration. It is difficult for those of us who saw and heard the veteran in full 


vigour so lately as 1938 to realize the magnitude of the changes, social and scientific, 
which had occurred during his lifetime and which he himself had helped so largely to} 
shape. In the year of his birth Peel, Palmerston, Russell and Derby were outstanding} 
political figures—Gladstone and Disraeli were, politically, promising youngsters ; in the} 


practice of war, Wellington ands Nelson could have handled the armies and navies of the} 


period without recourse to much new learning ; the stage-coach had not yet vanished) 


from the scene ; the electric telegraph was a novelty. 

In 1881 the storage cell was just about to become a practical proposition ; Bell had} 
invented the telephone and, realizing that the Bell telephone was an excellent receiver 
but a poor transmitter, Edison had invented his carbon-button transmitter ; the 
possibilities of alternating currents were beginning to loom large, and practice in that 
branch of science, running ahead of theory, was to provide in the “ eighties ’? some signal] 
shocks and surprises for station engineers ; Edison and Swan, in attempts to realize 
electric lighting on a commercial scale, were performing Heath-Robinsonesque experi- 
ments to produce filaments of carbon ; switches, mains, cables and measuring instruments 
were urgently needed ; patents of almost every type were filed ; patent litigation, with} 


its attendant demands for scientific witnesses (how should one, for example, define exactly} 


a filament of carbon ?) were frequent ; and Fleming, who had been appointed to act as a 


scientific adviser to the Edison Telephone Company in 1879, was appointed as electrician || 


to the Edison Electric Company in 1882. 
In 1885 Fleming was invited to occupy the newly established Chair of Electrical 


Engineering at University College London. The only equipment attached to the Chair |} 


at the time of the appointment was chalk and a blackboard, but a timely grant of £150 
provided funds for a gas-engine, a battery of storage cells, a photometer and some essential | 


electrical measuring instruments. Such was the modest beginning of the Pender Chair 


of Electrical Engineering. Fleming resigned in 1926, after forty-one years tenure of the 
Chair. During that period he had made the Pender Laboratory world-famous ; upwards 


of two thousand students had passed through his hands, many of whom achieved great | 


distinction in after-life ; a number of highly important papers were published by the) 
Pender Professor, including an early paper read before the Institution of Electrical 
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Engineers in 1885 on the necessity for a national standardizing institution for electrical 
instruments—a paper which foreshadowed the establishing of that great organization, 
the National Physical Laboratory. Later came the results of measurements made on 
alternating-current transformers which cleared away many difficulties, pioneering researches 
on electric-lamp photometry, and a classic series of papers published in collaboration 
with Sir James Dewar on electrical properties of matter at very low temperatures. 

All this research and teaching was diversified by a large amount of consulting work, 
the most important of which arose from his appointment as consultant to the Marconi 
Wireless Telegraph Company in 1899. 


At that time wireless telegraphy was rapidly approaching the commercial stage ; 
Marconi had transmitted messages in Morse between the Isle of Wight and Bournemouth ; 
and in September 1899, at the meeting of the British Association at Dover, Fleming gave 
a brilliant evening address at which wireless messages were exchanged between the British 
Association and the French Association then meeting at Boulogne. Obviously, as with 
the corresponding developments in the electric telegraph half a century earlier, men’s 
thoughts were turned to the possibility of uniting the Eastern and Western hemispheres, 
and one of Fleming’s early tasks in his new position was the designing and equipping of a 
transmitting station for that purpose at Poldhu in Cornwall. The power required must 
have been assessed by the exercise of what the Greeks termed ‘‘ happy guessing’, but 
however that may be, a twenty-five h.p. engine, and an alternator and transformer capable 
of supplying current at twenty thousand volts, were installed ; aerials, switches, jiggers 
and condensers were designed on an engineering scale ; and, despite many difficulties 
and delays, in which stormy weather played no small part, the station was put into working 
order. In November 1901 Marconi sailed for Newfoundland, and on 12 December of 
that year—a red-letter day in the history of electrical science—he received the signals 
S-S-S ---- transmitted from Poldhu. 

Important as was Fleming’s share in this triumph, his outstanding contribution to 
wireless telegraphy was to be made some three years later. As far back as August 1885 
he had read a paper before the Physical Society in which he had noted the presence of a 
clear white line, or line of no deposit, on the inside of the bulb of a blackening carbon 
filament lamp and in the plane of the filament. He called this a molecular shadow, and 
gave the obvious interpretation of the phenomenon. In the previous year Edison had 
observed the “ Edison effect’ ina carbon filament lamp. He had fixed a metal plate 
between the hairpin bend of the filament of a lamp and had discovered that when the 
filament was heated by a current, a galvanoscope attached between one terminal of the 
filament and the plate indicated a slight current ; when the attachment was made between 
the plate and the other terminal of the filament no current was observed. Edison gave 
no explanation of the phenomenon and made no notable application of it. Fleming 
carried out an elaborate series of experiments on cylinders and plates of various kinds 
‘sealed into filament lamps, and concluded that the heated filament was emitting negatively 
electrified particles, which he assumed to be carbon atoms, and that the space between 
filament and cylinder was a one-way street for electricity. 

In the early years of the twentieth century the problem of the production of a trust- 
worthy rectifier for feeble high-frequency oscillations was an urgent one, and in October 
1904 it struck Fleming that his old experiments had provided a solution to the problem. 
Investigation showed that this was indeed true, and on 16 November 1904 he applied 
for a British patent. 

Such, in very brief outl‘ne, was the origin of the Fleming valve. 

Fleming had unusually high gifts as a lecturer, and his services were in constant demand 
cover a long period of years by various educational institutions. He served for many years 
as a lecturer under the Gilchrist Educational Trust ; he delivered eight Friday evening 
lectures at the Royal Institution, and between 1894 and 1922 he gave the Christmas 
lectures at the Royal Institution four times ; his public lectures were a feature of many of 
the annual meetings of the British Association ; and he gave the Cantor series of 
lectures for the Royal Society of Arts no less than eight times. His last public lecture 
was given before that Society in 1925 on ‘‘ William Sturgeon and the Electromagnet ae 

His books, too, exerted a profound influence on the teaching of the period, and thousands 
of students of many generations have read and re-read his treatises on the transformer 
and on wireless telegraphy. It is a notable fact that the veteran occupied the last years 
of his long life in composing a series of four text-books for the use of students of engineering. 
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It is surely a feat unique in the history of education that a nonagenarian should producei]| 
books which should be useful to students of these later-day developments in physical} 
science. True, there are a few slips here and there, but the old Fleming touches are still] | 
to be discerned; terseness and clarity, not a wasted word, and an essentially practical) 
outlook. 

Many and well-deserved honours fell to his lot. In 1892 he was elected Fellow of the]] 
Royal Society, and he was awarded the Hughes Medal of the Society in 1910. In 1921] 
he was awarded the Albert Medal of the Royal Society of Arts. The Institution of} 
Electrical Engineers gave him their Faraday Medal in 1928. In 1930 the Physical Society} 
awarded him the Duddell Medal. In 1935 he received the Kelvin Medal from the] 
Institution of Civil Engineers, and the Franklin Medal of the Franklin Institute. In) 
1929 he received the honour of knighthood. After his retirement from teaching he lived| 
at Sidmouth in Devonshire, and in 1933 he married Miss Olive Franks. Active and] 
interested in outside affairs to the last, he died on 19 April 1945. 

There is nothing for tears, nothing for sorrow, in the passing of a life so honoured, so 
prolonged, so full of work which has left its mark on the scientific and social life of our 
era; yet, in taking an affectionate leave of the last survivor of their Founder Fellows, the’} 
Physical Society cannot help but regret that he was not spared to see the centenary of his} 
birth and the 75th anniversary of the day on which he inaugurated the work of the Society | 
by reading before it the first paper in their Proceedings. A. F. 1] 


i 
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SIDNEY SKINNER 


SIDNEY SKINNER (23 August 1863 to 5 November 1944) was educated at Dulwich 
College, whence he proceeded to Christ’s College, Cambridge, with a scholarship in 1882. 
In 1884 he took the Natural Science Tripos, obtaining a second class in Part I, and a 
First in Part II in 1886. He stayed on at Cambridge, being appointed a lecturer both at 
the Cavendish Laboratory and at Clare College. He was also an assistant demonstrator 
at the Laboratory. In 1890 he was appointed Demonstrator, assisting Wilberforce 
(afterwards Professor at Liverpool) with the senior students. Searle was appointed a 
demonstrator at the same time and had charge of the first-year students. Other 
demonstrators with him were Fitzpatrick (afterwards President of Queens’) and Glazebrook |} 
(later Sir Richard). 
In 1904 he became Principal of the South-Western Polytechnic at Chelsea, London. |} 
At that time this Polytechnic—as all the London ones—taught a large variety of subjects ; 
but it gradually became more specialized, and under the influence of Skinner it con-]} 
centrated upon preparation for the Internal Degrees of the London University in Science, |] 
being especially strong on the biological side. The only other activities of the Poiy-|}) 
technic were a school of pharmacy, a good Art School and a school for preparing | 
women to become teachers of physical training. 
In 1906 he went with the expedition to Spain to see the eclipse, and there met and |} 
married Marian Field Michaelis, who had also gone there from Canada. She was daughter |] 
of Major Michaelis. Mrs. Skinner was a very live woman who took a keen interest in |} 
science ; both she and her husband were regular attendants at the Friday evening lectures 
at the Royal Institution, of which Institution he was for some years a Visitor. 
‘They had three children, the youngest:a son. Both Mrs. Skinner and this son are dead. 
On his retirement from the Polytechnic, in 1928, he went to live at Letchworth. There | 
he collected a group of enthusiasts who held informal meetings and discussions on scientific |} 
subjects and were facetiously referred to by their friends as ‘‘ the Wise Men ”’. 
He was a Fellow of the Institute of Physics, of the Physical Society and of the Cambridge |} 
Philosophical Society. He published nearly forty papers ona variety of subjects, the most || 
important being on The Clark Cell as a Standard of E.M.F., on Lubrication, and on i] 
Dew, Dew-ponds and Humidity. : 
His greatest interest was in climbing. From 1892 to 1907 he spent nearly every | 
summer vacation in Switzerland. Two of his papers were connected with this recreation 
On the Slipperiness of Ice and on the Minute Structure of the Surface Ice of Glaciers. 
Skinner was a quiet conscientious worker who never cared to be in the limelight, but } 


he had a wide circle of very real friends who appreciated his genuine ability and | 
kindliness. k R.8.C 
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LIONEL ROBERT WILBERFORCE 


Born at Munich on 18 April 1861, Lionel Robert Wilberforce died on 1 April 1944 in 
his 83rd year. He was a direct aecendat of William Wilberforce, pioneer in the abolition 
of the slave trade. 

He was elected a life Fellow of the Physical Society in 1894 and for a period he served 
on the Council—his membership of the Society covered a period of almost exactly 50 years. 

Educated at the London International College, Isleworth, and Trinity College, Cam- 
bridge, he obtained a first-class honours in the Natural Science Tripos and was 13th 
wrangler. He served as demonstrator and lecturer in Physics under J. J. Thomson from 
1887 to 1900, when he was appointed Lyon Jones Professor of Physics at Liverpool Uni- 
versity in succession to Sir Oliver Lodge. He was almost entirely responsible for the 
planning of the George Holt Physics Laboratories and took a great pride in the work. 

Wilberforce was well grounded in the so-called “ classical’ physics, but took little 
more than a tolerant interest in the “‘ modern’”’ physics—quantum theory and atomic 
physics. Asa teacher of physics he was unique. His lectures were illustrated by a plentiful 
display of experiments which he had specially designed and carefully rehearsed. His 
obvious enjoyment in demonstrating a point by a successful, and in many cases original, 
experiment spread to his audience. 

One of his favourite experimental lectures was that relating to the principles of the 
gyroscope. ‘This was always a great success and was very popular. His running com- 
mentary whilst manipulating a “‘ diabolo ”’ is not likely to be forgotten by his audiences. 

His opinions on fundamental classical physics were sound and reliable, but he fought 
shy of expressing views on “‘ modern’ atomic physics. His work on surface tension, 
viscosity and allied problems is well known from his publications, but much of his work 
on these and other subjects was not published. He developed a beautiful ripple tank 
to demonstrate wave phenomena such as diffraction, reflection, refraction, interference, etc. 
I remember seeing this for the first time in 1913 and was much impressed by its possibilities 
in demonstrating acoustic and optical phenomena. His keen interest in instrument 
design is illustrated in his paper “‘ Kinematic supports and clamps’’, read before the 
Physical Society in November 1932. 

There is no doubt, however, that he will best be remembered by his students as a 
great teacher of physics. 

He appreciated a good joke and was fond of relating his experiences in examining 
students. J remember his enjoyment in telling of a student he was examining in elementary 
practical physics at Cambridge. ‘The subject was the spirit-level. The bubble moved 
to the right, the student concluding that the right-hand end of the table was higher than 
the left. On reversing the spirit-level, the bubble moved to the left. The student looked 
suspiciously at the spirit-level, then at Wilberforce, and said, after a pause, ‘‘ Why, the 
bally thing’s cockeye ’’, a correct, if somewhat unscientific, conclusion. 

Wilberforce was a member of the Alpine Club and in his younger days did a good deal 
of climbing in the Alps. He was very fond of skating on ice and on rollers. Such 
vigorous exercise, which he kept up until his later years, no doubt contributed to his rosy 
complexion and general good health. 

It was‘a great pleasure to have known him. His pleasant disposition, sound judgment 
ind success as a teacher of physics are likely to be remembered by all his many students 
and friends. A. B. WOOD. 


JAMES YOUNG 


[amES YOUNG, who died at the age of 47 in May 1945, after a year’s unflinching fight 
igainst leukaemia, had been a physics lecturer in Birmingham University since 1920. 
\ Scot from Strathaven, his student years had been spent in London at the Royal College 
yf Science, and when Dr. S. W. J. Smith, F.R.S., left that College to succeed Poynting 
n the Birmingham professorship, he shrewdly selected Young as one of the two recent 
sraduates of outstanding promise to accompany him. 

Young possessed a combination of gifts rare in contemporary physics. He took 
esthetic delight in precision, both of numerical accuracy and of logical proof, and regarded 
vith tolerant astonishment anyone’s liking for the stages in a subject which only yield 
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rough exploration or ambiguous conclusion. Nevertheless he was outstandingly successfal | 
at teaching elementary students whose preoccupations would seldom dispose them taj} 
any comparable rigour ; for he had the personality to command respect from those wha} 
could not approach his own intellectual ideals, and he was devoid of arrogance or contempt] 
He would, in fact, give limitless care to any honest enquirer, student or colleague or stranger, 

This quality of the intellectual aristocrat often made Young seem lonely among any 
group who were advancing more rapidly in subjects less susceptible of certitude or minute 
precision, and he was not a very communicative colleague. Perhaps few beyond the} 
writer heard him explain or confess that his real enthusiasm was for the geometrical in 
physics. This constituted him a referee of unrivalled critical judgment, rather than any 
explorer of new grounds. For instance, he employed his genius for three-dimensiona] 
visual imagery in elucidating complex crystalline structures, and his X-ray contributions 
to Prof. S. W. J. Smith’s researches on nickel iron and to Prof. W. N. Haworth’s new 
carbohydrates were notable: the same skill made him in war-time the expert on polar 
diagrams for Prof. M. L. Oliphant’s team working at radar projection. But he had na 
taste for pushing into the crowd who throng the more sensational avenues to scientific} 
eminence, and he probably spent far more time on measuring photographs of lunar craters) 
or extracting the final decimal place in timing an occultation than on any more obviously 
rewarding topic. | 

In advanced expositions, including very individual and physical treatment of higher 
mechanics, trigonometrical astronomy, and Lorentz-Einstein relativity, he bequeathed ta 
students something of his rare gifts for seeing geometry in physics : their notebooks ma 
well have a clarity unsurpassed in all the library of treatises which Young disdained ta 
copy and was too self-effacing to rival in print. MARTIN JOHNSON, 


REVIEWS OF BOOKS 


Practical Optics, by B. K. JOHNSON. Pp. viii+189. (London: Hatton Press, 
104) )aeeosanet: 


The greater precision that has been increasingly asked for in the engineering indust 
has resulted in the introduction of new instruments both for the measurement of dimensions}, 
to finer limits and for the closer examination of the finish. These instruments have largel 
made use of optical elements and devices. Thus, in addition to the older users of optica 
instruments—-microscopists, photographers and astronomers—there has now been addedi 
a new type of user, the engineer. All these users, both old and new, want to know enoug 
about the optics of these instruments to be able to select the instrument that will bes 
suit their purpose and to enable them to use it intelligently, but at the same time the | 
do not want to spend time learning more of optics than they are obliged to do, for thei 
main interest is elsewhere. For them, therefore, a book that will just give them thisl 
minimum knowledge is a valuable time-saver. Such a book is the one under review. 

It begins with some simple demonstrations which such a user should, if possible,|}| 
repeat for himself, as he will find that he learns far more easily how his instruments behave 
from these simple experiments than he can do from merely reading about them. The 
principles upon which the several instruments depend are clearly explained, in every case! 
being closely related to practical applications. 
ms Owing to the aberrations which are present in all optical systems, every instrument} 
is necessarily a compromise, and sacrifices some features in order to attain the greatest 
excellence in those which are of the greatest importance for its particular purpose. The] 
telescope, for instance, in order to obtain a very high definition in the centre of the field, 
is content with an angular field which, in comparison with that of a photographic lens, 
is exceedingly small, and with a numerical aperture which in comparison with a micro- 
graphic object is again exceedingly small. Thus, before selecting an optical system for} 
any particular purpose—especially if this is a new departure—it is necessary to know) 
what are the special requirements that the system must satisfy, and the explanations given, 
in this book will greatly assist in this selection. 

. We have noted the following printer’s errors. 'The caption to figure 90 a.should read 
Measurement of Numerical Aperture”, and that of figure 127 should read ‘“‘ Cooke} 


perce ”’. In the table at the foot of page 109, the last column should read 38-6, 
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Théorie des Oscillateurs, by Yves Rocarp. Pp. 220. (Paris: Editions de la 
Revue Scientifique, 1941). Price not stated. 


M. Rocard believes that too many students of physics think that all oscillations are 
fundamentally similar to those of a simple pendulum, and he has written a pleasant mono- 
graph to correct this over-simplified view. The whole tone of the book is critical and, 
if one may be allowed to say so, refreshingly old-fashioned ; old-fashioned in the sense 
that it is obviously written to tell the reader about oscillations and not, as are so many 
books on mathematical physics, written with the main object of introducing the reader to 
new mathematical methods. 

The first chapters of the book are a critical introduction and commentary on the series 
of papers published by van der Pohl in the Philosophical Magazine on relaxation oscillators. 
The treatment given is elementary and straightforward and has the merit of working 
specific problems through in detail. In particular, the analysis of coupled oscillators, in 
which the causes of frequency hysteresis are explained, and the conditions for the locking 
of frequency-multiplying or dividing circuits obtained, will be helpful to those who have 
to cope with the vagaries of multivibrators. Equations such as ; 
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which have strictly harmonic solutions, are used to poke gentle fun at some of the qualitative 
generalizations which are sometimes used in explaining the action of this type of oscillator. 
Indeed, throughout the book the tendency is to consider specific differential equations 
which. can readily be seen to govern the motion of a simple (usually mechanical) system, 
and to avoid generalities. 

In this way the reader is naturally introduced to systems governed by equations of 


the type 


d™. CES) 
ay + a eo. =3@-37 =O), 
Routh’s criterion for the instability of the system are introduced and their application 
explained in several examples based on mechanical models. ‘This is an excellent chapter, 
and much ingenuity has been exercised in devising the rather artificial models. 

More natural examples are provided in the following chapter, which deals with the 
differential equations which have been used in an attempt to analyse the economic oscilla- 
tions of the trade cycle. The author is somewhat critical of this approach on the ground, 
which he justifies by numerous examples, that the predicted oscillations are unduly sensitive 
to small changes in the ideal mechanisms used to represent the complexities of economic 
life. Kalecki’s equation and others which have been proposed are characterized by a 
period of gestation or lag between economic cause and industrial effect. 

M. Rocard makes a positive contribution to the subject by pointing out that not only 
is the assumption of an exact value 7 for the time lag a very artificial one, but also one which 
greatly enhances the difficulty of solving the equations. The much more plausible 
assumption that a lag 7 has a probability given by some such function as 


n 
a = nel 
(-= ) eNt!T 
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gives rise to equations which are much more tractable. 
For example, a simple relation of the type 


Yt—-7) + Cy = O 
based upon a definite period of gestation 7 becomes (for n= 1) 
co 
al re—Tlto-y__-) drt ae y — 0, 
0 
which readily reduces by the substitution y=e? to the form 
pe+2yp?+ y°p+A=0, 


to which Routh’s criteria can be applied directly. 
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The remaining chapters deal with waves on lines, the hunting of coupled generators}] 
organ pipes, and the flutter of aeroplane wings. || 

While these subjects are interesting in themselves, they are less suitable for a purel} 
mathematical treatment, and do not add to the refreshing Gallic unity of the previou}) 
chapters. The section on lines, while adequate for 1940, is not of great interest to presenti] 
day students. The book was written during the fall of France, and the author asks thi 
indulgence of his readers for the absence of references. The typography is good and th 
paper better than British readers have seen for some time. The absence of an index 
which is partly compensated for by a full table of contents, shows that insularity occuny 
in the Ile de la Cité as well as at home. On the whole a book which the physicist with j} 
taste for elementary mathematics would do well to buy. C.H.G 


Life and Work of fohn Tyndall, by Professor A. S. Eve, F.R.S., and C. H. CREASEY: 
Pp. xxxii+404. (London: Macmillan and Co., Ltd., 1945.) 21s. net. | 


We have in this book by Professor Eve and Mr.:C. H. Creasey a fairly complete story 
of the life of John Tyndall, from his boyhood at Leighlin Bridge, Co. Carlow, Ireland) 
where he was born on 2 August 1820, to his death on 4 December 1893. The developmen} 
of the poor country lad into the head of the Royal Institution is an interesting human story) 
Tyndall was fortunate in that the master of the National School at Ballinabranagh, whicl 
he attended as a youth, was capable of giving him a sound training in mathematics anqf| 
the rudiments of physical science, as well as in the English language. on | 

Tyndall’s first appointment was in the Ordnance Survey Office at Youghall, Co. Cor 
and later he was transferred to Preston, being dismissed from the service after three and 
half years for joining with 18 other assistants in an appeal against their conditions of work 
After an interlude as a surveyor on new railway schemes, Tyndall obtained in 1847 a posi} 
as a master at Queenwood College, where he had Edward Frankland as a colleague. A yea 
later Tyndall and Frankland left Queenwood together to go to the University of Marburg} 
where Tyndall graduated as Ph.D. after two years. While at Marburg he studied unde 
Bunsen. One of Bunsen’s assistants was Dr. Heinrich Debus, later Professor of Chemist 
at the Royal Naval College, Greenwich, and one of T'yndall’s closest friends. Professoz 
Knoblauch had then just arrived at Marburg, from Berlin, and from him Tyndall got his 
first stimulus to study magnetism. 

On his return to England he found some difficulty in obtaining a congenial post. 
and T. H. Huxley were unsuccessful in their applications for professorships at the 
University of Toronto in the summer of 1851 and, at the University of Sydney a few) 
months later. During this rather anxious period Tyndall was actively engaged in various} 
researches, and was elected Fellow of the Royal Society in June 1852. In the following) 
year he was appointed Professor of Natural Philosophy at the Royal Institution, wher 
Faraday was Resident Professor. Faraday and Tyndall remained always on terms o 
the closest friendship in spite of the fact that they held different opinions on a number 
of scientific questions. On Faraday’s death in 1867, Tyndall succeeded him as Resident 
Professor in the Royal Institution, and it was at the Royal Institution that Tyndall’s active 
scientific life was passed. From the autumn of 1859 until the summer of 1866, Tyndall] 
also held the Professorship of Physics at the School of Mines. 


the content of his series of lectures are still very readable today, and have inspired many a 
young man with the desire to follow a scientific career. He devoted the greatest care to 
devising good experiments to illustrate his lectures, and the technique of the physical} 
laboratory owed much to his ingenuity. His best known experimental investigations 4. 
were those in diamagnetism, radiation and absorption by gases, and his very thorough}}) 
demonstration that the moulds which Bastian had found to originate in infusions of hay, | 
meat, fish, etc., were due to germs in the atmosphere, and were only produced when the } 
infusions were exposed to the atmosphere. Tyndall succeeded in completely demolishing } 
Bastian’s ideas concerning the spontaneous generation of life.. He also showed that the} 
blue colour of the sky is due to scattering of light, though he ascribed the scattering to) 
small particles and droplets suspended in the atmosphere, and it was left to the late 
Lord Rayleigh to demonstrate that it is the molecules of air themselves which are effective | 
in producing the blue colour. , | 
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Tyndall derived from his father a tendency to religious emotion and controversy, 
-and all his life he was apt to be drawn into controversies on scientific topics of all kind. 
He was in no sense lacking in courage, and had no hesitation in expressing his opinions 
even when they were unpopular. All his life he was fascinated by glaciers, and his studies 
of the motion of glaciers, which incidentally led him into controversy with J. D. Forbes, 
were among the earliest serious scientific studies of Alpine phenomena. ‘Tyndall also 
devoted a great deal of energy to championing the claims for priority of scientific men 
whom he regarded as neglected. Thus he strongly championed Mayer’s claim to have 
first put forward the principle of the conservation of energy. 

From this book the reader receives an impression that controversy filled quite a large 
part of Tyndall’s life. But at the same time it is made clear that Tyndall had a gift 
for warm friendship with men of the widest variety of interest—Faraday, T. H. Huxley, 
Charles Darwin, T. A. Hirst, Thomas Carlyle, Alfred Tennyson, Hooker, Lubbock. 
Tyndall must, in fact, have been a great social success. 

It cannot be claimed that Tyndall had the spark of divine fire which Faraday had, 
but he was a sound and skilful experimenter, with a marked gift for exposition. He had 
no outstanding discovery to his credit, but he discovered many new facts, and explained 
many things which had hitherto been obscure. His books, which are very largely based 
on lectures given at the Royal Institution, formed a considerable contribution to education 
in the science of physics. His experimental technique was frequently far in advance of 
that of his contemporaries, and his breadth of interest brought him into touch with many 
‘of the vital problems of his day. 

This biography of 'T'yndall is an important contribution to scientific history. It has a 
somewhat uneven style, partly due to the fact that a first draft was completed by the 
late Professor A. S. Eve just before his death, and was revised by Mr. Creasey. Material 
for an authoritative biography of John Tyndall had been collected by his wife, who survived 
him by nearly 47 years. Mrs. Tyndall had from time to time endeavoured herself to 
write the biography, and had at first endeavoured to control any effort made by others to 
complete the work. The unevenness of style is to be explained by the vicissitudes of 
authorship. It need not, however, deter anyone interested, either in the science of physics 
or in its history, from reading the story of a full and busy life, lived at the centre of English 
scientific activity, among those giants of the Victorian age—Faraday, Kelvin, Maxwell, 
Rayleigh, Stokes—whose work was to revitalize science and to lay the solid foundation 
on which later generations have built. D. B. 


An Introduction to X-ray Metallurgy, by A. 'TayLor. Pp. xi+400. (London: 
Chapman and Hall, Ltd., 1945.) 365. net. 


X-ray diffraction is now used extensively for investigating the structure of all classes 
of solids. In metallurgy particularly it has led to results of considerable practical interest. 
This book summarizes a great deal of material which hitherto has been available only in 
original scattered papers, and presents a timely and logical account of modern x-ray 
practice and its contributions to the study of metals and allied substances. 

The first part of the book deals with the theory of x-ray diffraction and the practical 
methods of recording the diffraction patterns. The scope may be indicated by the chapter 
headings : X-ray generating apparatus, Space lattice, Diffraction of x rays by the crystal 
lattice, Experimental methods of obtaining diffraction patterns, Influence of the atomic 
pattern on the intensities of the x-ray reflections, and Crystal structures of the metals. 
The second part of the book then proceeds to the applications. The main topics, again 
described by the chapter headings, are : Study of thermal equilibrium diagrams, Measure- 
ment of grain size (including effects of deformation), Grain orientation, and Study of 
refractory materials. ‘The book is then rounded off by a chapter on the older use of X rays 
in the radiography of metals. 

In considering the theory, the author has confined himself to the bare essentials. He 
has taken the view, quite properly, that the application of x rays to the problems of 
metallurgy can be fairly appreciated without delving into the mysteries of Fourier synthesis 
and the theory of space groups ; at the same time, it might be remarked in passing that 
such studies will not impede the x-ray metallographer in his career. Treatment of the 
practical techniques also is general, except for the Bradley powder-camera, which is 
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described in outstanding detail. It is perhaps to be recommended that a student should} 
first familiarize himself thoroughly with one specific x-ray technique ; and it might perhap 
be added that if he can obtain the highest accuracy with this powder camera, he can proceeG}| 
with confidence to any other method. However, for the practical metallurgist the reductior: 
of a metal to powder, as a preliminary to x-ray examination, puts an unnecessary curb o 
the versatility of the x-ray method. A fuller description of a camera which will deal 
equally well with solid specimens of metal might be included with advantage in future 
editions of the book, which it is hoped will follow in due course. 

The chapters on practical applications will be found very useful. The author has} 
not confined himself to the earlier use of x rays in determining atomic arrangements | 
he has also given considerable space to the later applications concerned with the macro 
structure of metals. Knowledge of the atomic structure is, of course, an essential mek 
ground to any study of metals, but the atomic bond in metals is not the vital link that it}) 
is, for instance, in organic materials. In practice, much coarser features of structure 
are often of overriding importance ; the metallurgist is often less concerned with the 
basic atomic arrangement than with larger scale factors such as the segregation of alloying} 
elements and impurities, the dispersion of precipitates, crystallite size and orientation,}) 
internal strains, and grain boundary conditions. That is why the x rays will never supplant} 
the microscope in metallurgical research, although, if intelligently used, they will supple 
ment it with considerable advantage. The topics treated in this book well illustrate the} 
range of application of x rays in this field. The metallurgist may consider some points! 


points under-stressed ; but he will undoubtedly find that this part of the book makes} 
interesting and suggestive reading. | 

The book fills its purpose in providing a guide to the subject, and, at the same time,}} 
a handy source of reference. It will be found useful by the student and general readenf} 
who wishes rapidly to see the high-lights of the subject, and to the research worker who 
may wish to refresh himself upon the many practical details involved in the interpretatio | 
of the diffraction patterns. A slight drawback is that the book is produced under wa | 
economy standards, and the reproduction of photographs, including some from pine 
by the reviewer, suffers somewhat in comparison with pre-war standards. Perhaps thie] 
may soon be remedied. WwW. A. Wd) 
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The following papers were read and discussed : : 
“The computation of electron trajectories in axially symmetric fields ”’, by L. S. 


Goddard, B.Sc. ; 


“Electron ray tracing through magnetic lenses’’, by L. S. Goddard, B:Sc., and 
‘O. Klemperer, Dr.Phil. 


31 October 1944 


Science Meeting, held jointly with the British Institution of Radio Engineers in 
the rooms of the Institution of Structural Engineers, Upper Belgrave Street, London 
5.W.1, Mr. L. McMichael being in the Chair. 

A lecture entitled ‘‘ Physics and radio’ was delivered by Professor E. N. da C. Andrade, 
F.R.S., and was followed by an informal discussion. 


9 November 1944 


Séience Meeting, at The Royal Society, Burlington House, London W. 1, the President, 
Professor E. N. da C. Andrade, being in the Chair. 

The following were elected to Fellowship: William George Atkins, Reginald John 
Bartle, Cyril Arnold Bridgewater, Cyril Bristow, Kenneth George Brummage, James 
Alexander Burns, Clifford Charles Butler, Michael Anthony Grace, Geoffrey Grime, 
R. W. James, Sidney Gabriel Richard Lindboe, Kenneth Alexander McMurtrie, Jozef 
Mazur, Mohamed Gamal El-Din Nooh, Hubert Derrick Parbrook, Jerzy Skrebowski, 
Robert Harbinson Sloane, Andrew David Thomas, Charles Edney Wheeler, Walther 
Wolff. 

‘The President delivered the following address : 


“We welcome to-day certain of our French comrades in physics, members of 
our sister society, la Soci ‘té francaise de Physique. We have here Professor G. A. 
Boutry, Professor P. Auger and Dr. S. Rosenblum. Through the kind offices of 
M. Boutry, professeur au Conservatoire national des Arts et Métiers, and a Fellow 
of our Society, I have received a brief account of the history of the Société since 
the outbreak of war. In it the President, Professor J. Cabannes, records the lament- 
able fate of many members whose names are known to, and honoured by, all of us. 
I will ask you to stand, as a token of respect, while I read the names of those who 
have died. 

G. Dechéne, J. Farineau, H. du Mesnil du Buisson and J. Rossignol fell on the 
field of honour in the early battles. 

F. Holweck, who made his name famous by his pump and by other ingenious 
instruments, by his work on soft x rays and by other notable researches, was murdered 
‘by the Gestapo ; and J. Solomon, one of the most promising of the younger theoretical 
physicists, was shot by the German military authorities. 

Deaths that we have to deplore, some no doubt accelerated by the traditional 
brutalities of the Germans, are those of H. Buisson, H. Chipart, A. Dufour, A. Guillet, 
Victor Henri, Jean Perrin (Foreign Member of the Royal Society and Honorary 
Fellow of our Society), Emile Picard (likewise a Foreign Member of the Royal Society) 
and Pierre Weiss. ‘ 

Besides those who are known definitely to have lost their lives, there are others 
whose ultimate fate is unknown. H. Abraham, Eugene Bloch, G. Bruhat, L. Cartan, 
C. Sadron and J. Yvon have been deported to’'Germany, and we dare scarcely hope 
that they have found humane treatment there. Of Paul Langevin, who received 
in 1940 the highest honour that the Royal Society has to give, the Copley Medal, 
we have no news, unless M. Boutry has something to tell us. 

Let me assure our French friends that although, as Mr. Eden said yesterday, 
‘People in Britain do not yet fully understand how complete, how merciless, how 
dastardly has been the devastation inflicted by the German armies in Allied lands 
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as they withdrew’, some of us here have some comprehension of German brutality | 
and are not anxious to welcome back in our midst the representatives of German |||) 
science who also represent German unscrupulousness, German opportunism and I) 
German dishonour. : || 
I am glad to be able to inform the Physical Society that all through the troublous | 
days of the German occupation, zealous and courageous French colleagues have |) 
kept alive the science of physics in France. In June 1941 appeared a new publica- 
tion, the Cahiers de Physique ; and the first number of another new publication, the | 
Annales de Géophysique, is at this moment in the press. We congratulate our French ||) 
brethren on the success of their strenuous efforts. | 
M. Boutry, Au nom de la Physical Society je vous prie de bien vouloir saluer | 
de notre part nos camarades de la Société francaise de Physique et de leur dire combien 
nous regrettons le lamentable sort de nos confréres, victimes du maudit systéme Nazi, 
ou plutdt allemand, combien nous espérons voir renaitre dans toute leur gloire 
traditionelle et la France et la physique frangaise. Nous avons remarqué avec la | 
plus vive emotion comment, au milieu de tant de dangers et de difficultés, les physiciens || 
francais ont continué leurs travaux desinteressés. ‘Tout ce que la Physical Society © 
peut faire pour encourager et appuyer nos collégues, nos amis francais, soyez assuré | 
que ce sera fait. C’est pour nous un trés grand honheur de pouvoir désormais 
renouveler nos cordiales et traditionelles relations avec la Société francaise de Physique. | 
Cher collégue, soyez le bienvenu.” 


A lecture on “‘ The night sky’ was delivered by Professor S. K. Mitra, D.Sc., and 
was followed by an informal discussion. 


22 November 1944 


The nineteenth meeting of ‘THE CoLourR Group, at Imperial College, London S.W. 7, 
Mr. J. Guild being in the Chair. 

A lecture entitled “‘ Retinal structure and colour vision’’ was delivered by E. N. 
Willmer, M.A., B.Sc., and was followed by an informal discussion. 


23 November 1944 


Science Meeting, at the Royal Society, Burlington House, London W. 1, the President, 
Professor E. N. da C. Andrade, being in the Chair. 

Kenneth Conrad Bryant, Deryck Chesterman and Peter Savic were elected to Fellowship. 

The President announced the death, on the previous day, of Sir Arthur Eddington, 
O.M., F.R.S., (President 1930-32) and read an account of Sir Arthur’s life and work. 

A lecture on “ A physical theory of the solar sorona’’ was delivered by Professor 
M. N. Saha, D.Sc., F.R.S., and was followed by an informal discussion. 


24 November 1944 


The fourteenth meeting of THE Optica, Group, at Imperial College, London S.W. 7 
Professor A. O. Rankine, being in the Chair. . 
The following papers were read and discussed : 
4 Notes on the evolution of the inverting eyepiece ’’, by E. Wilfred Taylor ; 
a pao of two thin separated lenses and of a cemented doublet ”’, by Instr.-Capt. 
. Y. Baker. 


A demonstration of “A new modification of a ray plotter’ was given by Mr. B. K. 


Johnson. i} 
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19 Fanuary 1945 


Science Meeting, at The Royal Society, Burlington House, London W. 1, the President, 
Professor E. N. da C. Andrade, being in the Chair. 

The following were elected to Fellowship: William ~ Fordham Cadmore Cooper, 
Zygmunt Alexander Klemensiewicz, Kenneth Herbert Spring, Harry Verdon Stopes-Roe, 
William John Wilson. 

It was announced that the Council had elected the following to Student Membership : 
Denys Osmund Akhurst, Charles Anthony Arkell, Gordon Burnand, Alfred Norman 
Burton, David Keith Butt, Derek Young Coomber, Christian Ellis Coulman, Ronald Dee, 
Gerald Morley Habberjam, Roy Hayes, Gerald Alfred Jackson, John Lister, Harold 
Frederick William Mander, Alan Pearce Morgan, Clifford Philip Newman, Arthur Coates 
Parker, Thomas Frederick Porter, John Alexander Pryde, Geoffrey Cecil Pyle, Derek 
William Saunders, Geoffrey George Smith, Derek Malcolm Thomas, Maurice William 
Tulett, Sidney John Walton, John Woods, Peter Robert Wyke. 

The President read an appeal, copies of which were afterwards posted to Fellows and 
friends of the Society, for contributions to a Holweck Prize Fund. 

A lecture on ‘‘ Imperfections of crystal lattices as investigated by study of x-ray 
diffuse scattering ’’ was delivered by Dr. A. J. Guinier and was followed by an informal 
discussion. 


7 February 1945 


The twentieth meeting of THE CoLouR Group, at the School of Photo-Engraving and 
Lithography, Bolt Court, Fleet Street, London E.C.4, Mr. J. Guild being in the Chair. 

Mr. H. M. Cartwright gave a lecture and demonstrations on ‘‘ Colour printing and 
problems of colour reproduction’, which were followed by an informal discussion. 


16 February 1945 


The fifteenth meeting of THE OpticaL Group, at Imperial College, London S.W. 7, 
Professor A. O. Rankine being in the Chair. 

The following papers were read and discussed : 

“The properties of some new optical glasses’, by R. E. Bastick, Ph.D. 

“Routine refractometry for optical glasses’, by W. C. Hynd, M.Sc. 


23 February 1945 


Science Meeting, at the Science Museum, London S.W.7, the President, Professor 
E. N. da C. Andrade, being in the Chair. 

The following were elected to Fellowship, all but the first ten being transferred from 
Student Membership: Ernest Regianld Adams, Reginald Joseph Cole, Ernest Cecil 
Craven, Irena Gimpel, Franklin Stewart Harris, Charles Robert Sinden Manders, Ronald 
Gladstone Mitton, Leonard Eugene Newnham, Albert Hickford Turnbull, Edward 
Leighton Yates ; Alan Wawn Agar, Norman Rushton Bailey, Roderick Kirkwood Barnes, 
Dennis Stanley Beard, Clifford Henry James Beaven, Margaret Elizabeth Jane Carr, 
Isabel Helen Cox, Donald Watts Davies, Joseph William Fox, Keith Davy Froome, 
Richard Mead Goody, Norman John Harris, Kenneth William Hillier, Mervyn Guy 
Newcomen Hine, George Francis Hodsman, Francis Raymond Holt, Denys Sydney 
Hopper, Howard Arthur Hughes, Robert William Gainer Hunt, William Alan Jennings, 
Peter Reginald Layton, Ian Alexander Darroch Lewis, Derrick Joseph Littler, Emlyn 
Howard Lloyd, Thomas Alan Minns, Peter Lloyd Morgan, John Pollard, William Leslie 
Roberts, James Richard Stansfield, Denis Warwick Stops, Bernard Sugarman, Rudolf 
Arnold Wiersma. 
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It was announced that the Council had elected the following to Student Membership :} 
Fritz K. Bauchwitz, Michael Somerset Ridout, Keith Varnden Roberts, John Roy Schofield, | 
Derek Anthony Silverston, Wladyslaw Jerzy Swiateki. n | 

A lecture on ‘‘ The electron microscope and its applications ’’ was delivered by F. W.if 
Cuckow, B.Sc., and was followed by an informal discussion. 


9 March 1945 | 


Science Meeting, at Imperial College, London S.W.7, Brigadier J. L. P. MacNarr, | 
Fellow, being in the Chair. 1} 

The following were elected to Fellowship, the last four being transferred from Student: 
Membership: Bengt Edlén, Adolf Schallamach, Claude Ivan Snow, William Ernest) 
Arnould Taylor ; Harold Raynor Allan, Alan Stephen Edmondson, Roy Heastie, acca” {| 
Sherwood Waters. j 

The following papers were read and discussed : : 

“The formation of metal-sprayed deposits ’’ (with demonstration), by W. E. Ballard, 
BeRelkGas | 

“The theory of indentation and hardness tests’, by R. F. Bishop, B.A., R. Hill, B.Sc. 
and N. F. Mott, M.A., F.R.S. 


} 


21 March 1945 


The twenty-first meeting of ‘HE CoLouR Group, at Imperial College, Ieaecon S.W. 7,| 
Mr. J. Guild being in the Chair. 

A paper on “‘ The presentation of the C.I.E. system of colour specification ’’ was rea | 
by R. K. Schofield, M.A., Ph.D., and was followed by an informal discussion. 

The meeting was preceded by the fifth Annual General Meeting of the Colour Group 
for the presentation of the Committee’s report on the work of the Group in 1944-45 andi 
for the election of Officers and Committee for 1945—46. 


~ 


20 April 1945 


The sixteenth meeting of ‘THE OpricaL Group, at Imperial College, London S.W. 7 
Instr.-Capt. T. Y. Baker being in the Chair. 

The following papers were read and discussed : 

‘“ A theoretical investigation on telephoto lenses’”’, by T. Smith, M.A., F.R.S. ; 

“ On tracing rays through an optical system ”’ (fifth paper), by T. Smith, M.A., F.R.S. ;| 

“Exact addition formulae for the axial spherical aberration and curvature’ of oe of} 
an optical system with centred spherical surfaces ”, by F. Gilbert Brown. : 

The meeting was preceded by the fourth Annual General Meeting of the Optical Group] 
for the presentation of the Committee’s report on the work of the Group in 1944-45 and 
for the election of Officers and Committee for 1945-46. 


23 May 1945 


Science Meeting, at the Royal Institution, Albermarle Street, London W. 1, the President, 
Professor E. N. da C. Andrade, being in the Chair. 

The following were elected to Fellowship, all but the first three pane trinsfets@B 
from Student Membership : Raymond Frederick Cyster, Hubert Leslie Hulland, Archibald} 
Charles Lock ; Arthur Reginald Bevan, Jack Dunkley, Clifford McDonald Hargreaves,. 
George Albert iene. Ernest Henry Putley, Alan Stott, Laurence William Stevens Wilson 


~ 
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it was announced that the Council had elected the following to Student Membership : 
James Howard Barrett, Cyril Eugene Challice, Francis Maurice Comerford, Peter Brian 
Curtis, Reginald Leslie Gleave Gilbert, Rita Joyce Hancock, Hugh Donald Hemmer, 
Ralph Ewart Hickman, James Alexander Leys, Peter Murden, Raymond Peter William 
Scott. 

The twenty-first Duddell Medal was presented to Dr. F. W. Aston, F.R.S., in recog- 
nition of his invention and development of the mass spectrograph. 

Professor Andrade delivered his Presidential Address on ‘‘ The history and future of 
the Physical Society’ *. 

* This volume, p. xxi. 


23 May 1945 


Alnnual General Meeting, at the Royal Institution, Albermarle Street, London W. 1, 
the President, Professor E. N. da C. Andrade, being in the Chair. 

The minutes of the previous Annual General Meeting and of the Extraordinary General 
Meeting, held on 24 May 1944, were read and accepted as correct. 

The reports of the Council and the Honorary Treasurer and the Annual Accounts for 
1944 were adopted. 

‘The Officers and Council and the Auditors for 1945-46 were elected. 

Votes of thanks were accorded to the Rector and Governing Body of Imperial College, 
the President and Council of the Royal Society, the Managers of the Royal Institution, 
and the Director of the Science Museum for excellent accommodation at meetings ; 
to the Royal Commission for the Exhibition of 1851 and Dr. Evelyn Shaw for the office 
and library accommodation at 1 Lowther Gardens, Exhibition Road, London S.W.7 ; 
to Dr. A. F. C. Pollard for preparing the U.D.C. Index Slips for the Proceedings ; and 
to the retiring Officers and Council. 


30 May 1945 


The twenty-second meeting of "THE CoLouR Group, at the Royal Photographic Society, 
16 Prince’s Gate, London S.W. 7, Dr. R. K. Schofield being in the Chair. 

A lecture on “ Colour television ’’ was delivered by L. C. Jesty, B.Sc., M.1.E.E., and 
was followed by an informal discussion. = 


8 Fune 1945 


Science Meeting, at Imperial College, London S.W.7, the President, Professor D. 
Brunt, being in the Chair. ! 

The following were elected to Fellowship, the last four being transferred from Student 
Membership: Ronald George Allen, Jack Dainty, Douglas William Nicol Dolbear, 
André Jean Guinier, Harold Horace Hopkins, Richard Albert Hull, Gunther Loeck, 
Hans Motz, Stefan Richard Pelc, Harry Hemley Plaskett, Robert Arthur Scott, David 
Starkie, Leonard Walden ; Frederick Henry East, Arnold Stanley Knight, Douglas Henry 
Peirson, Harry Pratt. 

The President read a letter from Professor C. Fabry giving further bad news of the 
fate of French physicists, supplementing that given at the meeting of 9 November 1944. 

The following demonstrations were given and discussed : 

‘* Directional loci in a magnetic field and the locating of neutral points’, by D. Owen, 
IBrAe Ds OCuis 

‘A simple form of refractometer of the Jamin type’’, by H. G. Kuhn, Dr.Phil., and 
G. A. Wheatley, B.A. ; 

“A demonstration model of Michelson’s stellar interferometer”, by P. J. Treanor, 
S.J., B.A. ; 

fe A Franck-and-Hertz critical-potential experiment, arranged for demonstration with 
a cathode-ray oscillograph’, by J. H. Sanders, B.A. ; 
‘« A water-operated model klystron’’, by W. J. Scott. 
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22 Fune 1945 


The seventeenth meeting of THE OpricaL Group, at Imperial College, London S.W. 7 
Instr.-Captain T. Y. Baker being in the Chair. 
A lecture on ‘‘ Instrument design’’ was delivered by A. F. C. Pollard, D.Sc. 


29 Fune 1945 


Science Meeting, at the Royal Institution, Albemarle Street, London W. 1, the Ero | | 
Professor D. Brunt, being in the Chair. 

The following were elected to Fellowship, the last two being transferred from Studeni 
Membership: John Frank Allen, Samuel Thomas Adrian Hall, George Arkla Harle) 
‘Oscar Martin Lee, Thomas Henry Pearn, Leslie Ward ; George Matthew Leak, Leslie 
Hamilton Tarrant. 

It was announced that the Council had elected the following to Student Membership 
Norman Brooke, Donald H. Brown, Eric Lionel Ferguson, Sylvia Mary Gumbrell, Ronalcf} 
Mayoh, William Stanford Michael. 

The President announced that the Foreign Secretary, Professor E. N. da C. Andrade} 
was representing the Society at the meetings in Moscow and Leningrad to celebrate the} 
220th anniversary of the foundation of the Academy of Sciences of the U.S.S.R. 

The fourteenth Thomas Young Oration was delivered by Professor Ragnar Granit: 
who took as his subject : ‘“‘ The electrophysiclogical analysis of the fundamental problen-} 
of colour reception ”’ 


6 Fuly 1945 


Science Meeting, at the Royal Institution, Albemarle Street, London W. 1, the President} 
Professor D. Brunt, being in the Chair. | 

The following were elected to Fellowship : William Cyril Barry, Owe Berg, Herber 
Cornes, Thomas Peter Taylor, Henry William H. Warren. 

The twenty-ninth Guthrie Lecture was delivered by Professor Arturo Duperier, wha 
took as his subject: “‘ The geophysical aspect of cosmic rays ”’ 


REPORT OF COUNCIL FOR THE YEAR 
ENDED 31 DECEMBER 1944 


INTRODUCTORY AND GENERAL 


The year under review was one of steady progress in difficult circumstances and of 
preparation for much greater activities in the not far distant future. The membership 
has increased, the Science Meetings have been remarkably successful, and the Colour 
and Optical Groups have continued their very useful work without setback or slackening 
of pace. 

It has again proved possible to maintain a satisfactory financial position without 
increasing the basic rates of Fellows’ and Student Members’ annual subscriptions or the 
rate of outside subscriptions to the Proceedings. 

Preliminary steps have been taken towards the resumption of the Society’s Annual 
Exhibition of Scientific Instruments and Apparatus, the 30th exhibition being planned 
for January 1946. 

Much consideration has been given during the year to the co-ordination of the 
activities of our Society and the Institute of Physics, especially in regard to post-war 
publications and the formation of Groups for the discussion of certain subjects. Steps 
have been taken to set up a Joint Committee of the two bodies to discuss these and other 
matters of common interest and importance. 

The Society has supported the work of the Parliamentary and Scientific Committee 
by taking up corporate membership, and is represented on the Executive Committee by 
Professor E. N. da C. Andrade, who has been elected a Vice-President of the Committee. 

The Council has decided that an application for the incorporation of the Society under 
Royal Charter shall be made when such a course becomes possible. 

Preliminary consideration has been given to the question of the future housing of 
the Physical and other scientific Societies. The President, Professor E. N. da C. Andrade, 
represented the Society on a delegation, headed by the President of the Royal Society, 
which was received on 13 October 1944 by the Lord President of the Council, the 
Chancellor of the Exchequer and the Minister of Works and Buildings. Statements of 
the needs of the societies concerned are now being prepared and considered. 

Through the generosity of the Royal Commission for the Exhibition of 1851, the 
Society continues to have excellent office and library accommodation at 1 Lowther Gardens, 
South Kensington. Acute shortage of office staff hampered the day-to-day work of the 
Society for nearly the whole year, but such difficulties will, it is hoped, be resolved in the 
near future. 


MEETINGS 


An Annual General Meeting was held at Imperial College on 24 May 1944 for the 
presentation of the 1943 Reports of the Council and the Honorary Treasurer, and for the 
election of the Officers and Council for 1944-45. This was followed by an Extraordinary 
General Meeting for the election of Professor A. F. Joffé, Vice-President of the Academy 
of Sciences, Moscow, as an Honorary Fellow of the Society. 

Eleven Science Meetings were held during the year: four at Imperial College, two in 
the rooms of the Royal Society, one each at the Royal Institution, the Clarendon Laboratory 
and the Cavendish Laboratory, and two (jointly with other bodies) elsewhere. Two of 
the meetings were devoted to the Guthrie Lecture noted below, and three to special 
lectures on “‘ Active Nitrogen” and ‘‘ The Night Sky’”’ by Professor S. K. Mitra, and 
‘A Physical Theory of the Solar Corona’? by Professor M. N. Saha (Proceedings, 57 
(1945), p.271). At three meetings discussions were held on “‘ Band Spectra and Energies 
of Dissociation of Diatomic Molecules ”’, opened by Dr. A. G. Gaydon (Proceedings, 56 
(1944), p. 204), and ‘“ Physics and the Scientific Instrument Industry ”? opened by Mr. A. J. 
Philpot (Proceedings, 56 (1944), pp. 263 and 396), and a lecture-survey on ‘“* Current 
Problems of Visual Research”? was delivered by Dr. W. S. Stiles (Proceedings, 56 (1944), 
p. 329). At one meeting Demonstrations of Rectangular Voltage Waves were given by 
Dr. T. J. Rehfisch (Proceedings, 57 (1945), p. 60) and papers on Electron Trajectories 
and Ray-tracing by Mr. L. S. Goddard and Dr. O. Klemperer were read and discussed 
(Proceedings, 56 (1944), pp. 372 and 378, and 57 (1945), p. 63). One meeting was held 
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jointly with the British Institution of Radio Engineers for a lecture by Professor E. N. 
da C. Andrade entitled ‘‘ Physics and Radio”’, and one jointly with the Plastics Group || 
of the Society of Chemical Industry for a lecture by Dr. W. T. Astbury on “* X-ray |/ 
Examination of Plastics ’’. | 
The liberation of France has been quickly followed by the renewal of contact with || 
our colleagues of the Société francaise de Physique. This was made the occasion of a | 
brief but moving ceremony at the Science Meeting on 23 November.* I|, 
‘! The Council records its thanks for hospitality extended during the year to the Society I 
ahd its two Groups by the President and Council of the Royal Society, by the Rector 
and Governing Body of Imperial College, by the Managers of the Royal Institution, by 
the Electric Lamp Manufacturers’ Association and by the Director of the Science Museum. || 


GUTHRIE LECTURE 


The twenty-eighth Guthrie Lecture was delivered on 26 April at the Royal Institution | 
and on 29 April at the new Clarendon Laboratory, Oxford, by Professor Joel H. Hildebrand | 
(University of California), who took as his subject ‘‘ The Liquid State ’’ (Procecdings, 56 ||} 
(1943), p. 221. j 


RUTHERFORD MEMORIAL LECTURE 


The second Rutherford Memorial Lecture, on Rutherford’s work after the Manchester 
period, should have been delivered by Professor J. D. Cockcroft in the early autumn of | 
1944, but was unavoidably postponed on account of the Lecturer’s prolonged absence 
from this country. Arrangements will be made for the Lecture as soon as possible. 


DUDDELL MEDAL 


The Council awarded the twenty-first Duddell Medal to Dr. F. W. Aston in recognition 
of his invention and subsequent improvement of the mass spectrograph. The presentation 
of the Medal could not be made in 1944, but will take place at a Science Meeting as early 
as can be arranged. 


THE R. W. PAUL INSTRUMENT FUND | 


In accordance with the will of the late Mr. Robert W. Paul, a Fund, consisting of |] 
Ordinary Shares in the Cambridge Instrument Company valued for probate at ||} 
£110,036 10s., has been established for the provision of facilities (equipment, building, |] 
staff or financial aid) for “‘ the design, construction and maintenance of novel, unusual or |} 
much improved types of physical instruments and apparatus needed for an investigation 
in pure and applied physical science and . . . the advance of knowledge and the arts, 
where a relatively large expenditure may be justifiably risked on experimental apparatus . . .”’ || 
The application of the income is to be directed, controlled and administered by a Committee |} 
of six members, of whom three are appointed by the Royal Society and one each by the | 
Physical Society, the Institution of Electrical Engineers and the Institute of Physics. 
If no grant is made for a period of seven consecutive years, the capital, future income |] 
and accumulation of income are thereafter to be held in trust for the Royal Society, the 
Royal Institution and the Physical Society in equal shares for their general purposes. | 

The Council has appointed Professor A. O. Rankine as the representative of the Physical |} 
Society on the Committee. ; 


CHARLES VERNON BOYS PRIZE 


By the will of the late Sir Charles Boys, a former President, a nett legacy of £900 was 
bequeathed to the Society, and the Council has decided that the interest shall be used |} 
for the institution of the Charles Vernon Boys Prize, to be awarded annually, without | 
restriction of nationality or of Fellowship of this or any other Society, for distinguished 
research in experimental physics, either still in progress or carried out within the five 
years preceding the date of the award. The first award of the Prize will be made in 1945. 


* The address delivered by the President on this occasion is recorded under “ Proceedings at | 
the Meetings”? on pp. vii-viii of this volume. 
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ADDENBROOKE BEQUEST 


Through the generosity of Mrs. B. E. F. Addenbrooke, and by the wish of her late 
husband, Mr. G. L. Addenbrooke, a Fellow of the Society, Government Stock to the value 
of about £315 has been bequeathed to the Society. With the approval of the executors, 
the Council has decided that the interest on this bequest shall be used in the first instance 
for an annual purchase, starting in 1945, of standard books and other books of outstanding 
merit and usefulness on ‘‘the structure, properties and behaviour of non-metallic 
substances ’’’. The volumes so purchased will be suitably inscribed and placed in a special 
section of the Society’s Library, and their titles will be announced in the Notices to 
Members and communicated to appropriate bodies. 


PROCEEDINGS 


Volume 56 (1944) of the Proceedings appeared in the usual six two-monthly parts, 
but was about 20 per cent smaller than the 1943 volume ; the reduction in size has made 
possible a desirable increase in the number of copies printed, although the official allowance 
of paper has remained unchanged. The increased charges for advertisements reported 
a year ago came into effect by the end of the year ; the space taken was exactly the same 
as in the 1943 volume. Two more Parts of Volume 54 (1942) which had run out of stock 
have been reprinted. 

The Council is again deeply indebted to Professor A. F. C. Pollard for his invaluable 
help in the preparation of the Universal Decimal Classification Index Slips, which are 
supplied with the Proceedings to all members and subscribers who make application for 
them in advance. 


REPORTS ON PROGRESS IN PHYSICS 


While physicists remain so busily engaged on work of the highest importance for the 
Allied cause, and while the supply of paper remains so meagre, it has again been decided 
that the next Volume must, like its immediate predecessor, cover two years instead of 
one ; volume 10 (1944-45) is in active preparation and should be ready early in 1946. 
The sales of all the available volumes, 5 (1938)—9 (1942-43), have continued to be very 
satisfactory, and the remaining stock of Vol. 5 became exhausted towards the end of the 
year. Vol. 4 (1937), which has been out of print for several years, but which is still in 
big demand, is being reprinted, and should be available in the summer of 1945. The 
Council again records its thanks to Miss M. M. Mitchell, the Publications Manager of 
the American Institute of Physics, for her valuable co-operation in the supplying of copies 
of the Reports to American physicists. 


REPRESENTATION ON OTHER BODIES 


The representatives of the Society on the National Committees for Physics and for 
Scientific Radio, on the Committee of Management of Science Abstracts, on the Board 
of the Institute of Physics and on the Council of the British Society for International 
Bibliography were the same in 1944 as were reported a year ago. As mentioned elsewhere 
in this Report, the Society is represented by Professor E. N. da C. Andrade on the 
Parliamentary and Scientific Committee and by Professor A. O. Rankine on the R. W. Paul 
Instrument Fund Committee. 


MEMBERSHIP 


A limited edition of the List of Officers and Members, corrected to 30 September 
1944, has been printed. It is satisfactory to be able to record a notable growth of 
membership for the fourth year in succession. As the following table shows, the Fellow- 
ship increased in 1944 by 5-3 per cent and the Student Membership by nearly 3 per cent, 
making an increase in the total membership of nearly 5 per cent, which is less than in 
1942 and in 1943. The most welcome feature of the table is the large number of newly 
elected Fellows, which was exceeded in only one previous year, 1942. 


XVi Report of Council 


Hon. Ee 
. Hon. | Fellows, : Fellows Student Total 
Roll of Membership Fellows WOptcalel officio ellow Aint 
: Fellows 
Society 
Totals, 31 Dec. 1943 10 3 4 1032 PE || NEPAD) 
| Newly elected 1 560s 52 
t | Transferred 23 23 
on 
© | Deceased 1 12 1 /¥ 
oo 5 
& oo| Resigned 7 4 3 
c H 
5 ‘g | Lapsed 4+ i 
3 Suspended 1 
Net increase 1 —1] 55 8 63 
Totals, 31 Dec. 1944 11 3 4 1087 279 | 1383 
OBI EUARY 


The Council records with regret the deaths of the following Fellows :—Mr. C. T. | 
Archer, Sir Charles V. Boys, (Past President) Mr. J. W. Bullerwell, Mr. A. W. Claydon, | 
Sir Arthur S. Eddington (Past President), Mr. J. C. R. Le Manquais, Sir Thomas R. Lyle, | 
Professor H. F. Newall, Dr. J. K. Roberts, Mr. A. C. Shearman, Principal S. Skinner. 
Professor M. L. E. Tscherning (Honorary Fellow of the Optical Society), Professor L. R, } 
Wilberforce, and the death of a Student Member, Dr. J. R. Ennis Smith. 


- COLOURS E ROWE 


At the fourth Annual General Meeting of the Group, which was held at Imperial 
College on 8 March 1944, Mr. J. Guild was re-elected as Chairman, Dr. W. D. Wright |} 
was elected as Honorary Secretary, and the Committee for 1944—45 was elected. 

Five Science Meetings were held during the year. Three of them were at Imperial |} 
College on 26 January, 8 March and 22 November, the subjects discussed being ‘‘ The |} 
brightness of present-day dyes’ (paper by Dr. T. Vickerstaff, Proceedings, 57 (1945), 15), 
“Colour vision deficiency in industry’ (paper by Professor J. H. Shaxby), and ‘‘ Retinal |} 
structure and colour vision’’ (paper by Mr. E. N. Willmer). A meeting was held at the 
Royal Society of Arts on 7 June for a paper on ‘‘ The Munsell system”? by Dr. W. D. 
Wright, and one at the Lighting Service Bureau of the Electric Lamp Manufacturers’ 
Association for a lecture on “‘ [lluminants for colorimetry and the colours of total radiators ”’ 
by Mr. H. G. W. Harding (Proceedings, 57 (1945), 222). 

The reports of the Sub-Committees on Colour Terminology and Colour Vision De- 
ficiency in Industry are nearing completion. Close contact with the Inter-Society Colour 
Council in the U.S.A. has been maintained. 


The membership of the Group on 31 December was as follows : 


Members of the Physical Society Fe x be ne oH 79 
Members of other participating bodies .. ma Se a 59 
Members of five firms subscribing for sustaining membership aie 15) 
Other members... ” me a? hs es ak ae 5 

Total to = abet: 


OPTICAL GROUP 


The Third Annual General Meeting of the Group was held at Imperial College on | 
21 April 1944, when Professor A. O. Rankine and Professor L. C. Martin were re-elected | 
as Chairman and Honorary Secretary, respectively, and the Committee for 1944-45 was 
elected. | 
Five Science Meetings were held during the year. At the Northampton Polytechnic | 
on 18 February, Mr. H. H. Emsley delivered a lecture entitled ‘‘ Some notes on space || 
perception ”’ (Proceedings, 56 (1944), 293), and papers on ‘‘ Contact lenses ” by Mr. K. | 
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Clifford Hall and Mr. E. F. Fincham were read and discussed (Proceedings, 56 (1944), 272). 
At a special meeting held jointly with the Scientific and Technical Group of the Royal 
Photographic Society on 30 May, Mr. E. R. Davies presented for discussion an address 
entitled “ Psychophysics and photography ” by Dr. Lloyd A. Jones (F. Opt. Soc. Amer. 
54 (1944), 66). Three meetings were held at Imperial College on 21 April, 29 September 
and 24 November ; the first was devoted to a lecture entitled “ My fifty years in the 
optical industry ”’ by Mr. J. W. Hasselkus ; and the subjects of the other two were demon- 
strations of “‘ High-intensity stereoscopic screen projection”? by Mr. A. C. W. Aldis 
and “ A new modification of a ray plotter”? by Mr. B. K. Johnson, papers by Mr. H. 
H. Hopkins, Instr.-Capt. T. Y. Baker, and Mr. E. Wilfred Taylor (‘“‘ The inverting 
eye-piece and its evolution”, #. Sci. Inst. 22 (1945), 43), and a digest by Mr. C. G. Wynne 
of papers by Professor A. L. M‘Aulay and Mr. F. C. Cruickshank on the design of lens 
systems (Proceedings, 57 (1945); 302, 350, 362). 


The membership increased by 10 during the year, and was as follows on 31 December : 


Members of the Physical Society oy We oF Be Ed 152 
Members of other participating bodies -. ia es a bs 89 
Members of twenty-three firms subscribing for sustaining membership 97 
Other members .. ee bis =e rs o a we 8 

Total .. 346 


REPORT OF THE HONORARY TREASURER 
FOR THE YEAR ENDED 31 DECEMBER 1944 


In 1944 the excess of income over expenditure (£1144) was larger than in any previous 
year, and £566 higher than in 1943 ; the total expenditure (£4207) was £278 less than a 
year ago, and the total income (£5351) was £288 more. 

The only item of expenditure showing an increase since 1943 was in respect of the 
Society’s occupation of rooms at 1 Lowther Gardens, where it became necessary to engage 
a fire-watcher for the greater part of the year. By arrangement with the Secretary of 
the Royal Commission for the Exhibition of 1851, a senior student at Imperial College 
was employed in this capacity, the expense being shared equally by the Royal Com- 
mission and the Society. 

Expenditure on secretarial and clerical services was low on account of shortage of 
staff, which will, it is hoped, be rectified in the near future. 

The income from sales of publications was about the same as in 1943 ; a considerable 
increase of sales of the Proceedings balanced the falls of sales of Reports on Progress in 
Physics and Special Publications. Every other important item of income showed an increase. 
The charges for advertisements in the Proceedings were appropriately raised during the 

ear. 
‘ The total value of the Society’s investments at the end of the year was £2093 higher 
than at the end of 1943 ; of this, the newly instituted Charles Vernon Boys Prize Fund 
accounts for £900, and £1000 was invested in 3° Defence Bonds early in 1944. The 
market values showed a slight appreciation. 

A further, and larger, grant by the Royal Society from the Rockefeller Gift, to assist 
the Society to meet war-time publication difficulties, is gratefully acknowledged ; the grant 
has been expended on the reprinting of Parts of the 1942 Proceedings. ms 

Owing to the stringency of the paper control and the shortage of original material 
which it is permissible to publish during the war, both the size of the Proceedings and 
also the frequency of publication of the Reports on Progress in Physics have been reduced 
considerably in the last few years. When such limitations are removed the Society will 
have reason to be pleased with the favourable balance it has accumulated. In the near 
future it will be necessary also to acquire a considerable amount of office furniture, not 
only to replace that now in use, which is the property of the Institute of Physics, but also 
to meet the needs of the increasing activities of the Society. 


(Signed) CLIFFORD C. PATERSON, 
19 April 1945. Honorary Treasurer. 
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LIFE COMPOSITION FUND ON 31 DECEMBER 1944 


LO sad: 

20 Fellows paid £10 : @ ° ° . . 3 a PAY 
1 Fellow paid £10 10s. . 5 ° : : C 10 10 0 
1 Fellow paid £15. : é 3 ‘ . 5 : ae i © 
15 Fellows paid £21 ; : > e ° . ° se HOLST OMRO 
36 Fellows paid £31 10s. . ; : 5 : s- 1134520556 
£1674 10 0 


SPECIAL FUNDS 


W. F. STANLEY TRUST FUND 


We hs ek ; 
Cartied to Balance Sheet 2 F 259 0 O | £300 Southern Railway Preferred Ordinary 
Stock 5 : 5 5 c é 
£442 Southern Railway Deferred Ordinary 
Stock ; 5 : 5 A . 


£259 0 0 


DUDDELL MEMORIAL TRUST FUND 


CAPITAL 


TES 0k 2 
Carried to Balance Sheet 4 ; ; 374 0 O | £40034% War Loan Inscribed ‘‘B’’ Account 37 


REVENUE 
Vie Sak 
Balance on 31 December 1943 ‘ - 36m es Interest on War Loan . : . 
Medals and Certificates . ‘ : 5 12 0 | Balance carried to Balance Sheet . 2 
£AL AZ 3 


“PROGRESS REPORTS” RESERVE ACCOUNT 


Sy ak 
Balance carried to Balance Sheet . : pie Wi 0) 


Balance on 31 December 1943 é 5 


HERBERT SPENCER LEGACY 


Je 8S Gh 
Balance carried to Balance Sheet . : 239 7 6 | Balance on 31 December 1943 


CHARLES CHREE MEDAL AND PRIZE FUND 


CAPITAL 


Balance on 31 December 1943 


fo ke LCE 
Balance carried to Balance Sheet . . 1865°16° 4 


REVENUE 
: eh 
Balarice carried to Balance Sheet . : 83 6 8 | Balance on 31 December 1943 


Interest on Investments 


a See Ores 


CHARLES VERNON BOYS PRIZE FUND 


CAPITAL 
j IE & Gh 
Balance carried to Balance Sheet - 900 0 O | £1132 16s. 10d. 24% Consols 
REVENUE 
oR Ch 
Balance carried to Balance Sheet 7 = 1 #7 | Interest on Investment . 
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THE HISTORY AND FUTURE OF THE PHYSICAL 
SO CTY 


By Pror. E. N. pa C. ANDRADE, F.R:S. 
Presidential Address delivered 23 May 1945 


os IN DRO DUCTION 


T a time, like the present, of change and flux, at what is clearly the end of one great 

historic period and the beginning of a new phase of world history, it is appropriate 
that we should each examine our position and form appropriate plans for the future. What 
is true for individuals is no less true for corporate bodies, which have the double duty of 
satisfying the needs of the present and preparing for the demands of the future. It may, 
therefore, be appropriate for the retiring President to examine the present state of the 
Physical Society and tell the Fellows something of its plans for the future. Further, 
to judge the present position wisely, and to estimate our rate of progress, which, as well 
as our present position, it is necessary to know if we are to judge of our future—since 
positions and velocities are both needed if we are to calculate the future state of a system— 
it is advisable to make a brief survey of the past. I shall therefore run briefly through 
certain phases of the history of the Society, and refer to the introduction of the various 
innovations which now represent established features of the Society, so that we may see 
how our wise predecessors have built up the traditions which we now proudly possess. 
After some account of our present position, I propose to outline our ambitions for the 
future, with a word as to how we hope to realize them. 

Before I proceed, however, I should like to refer to the present very healthy state of 
our Society and to give thanks to those to whom it is mainly due. Looking back to my 
own early days, I think that some of our younger brethren may be apt to take institutions 
with which they are connected—University departments, scientific societies, and so on— 
very much for granted: they may suppose that these exist, carry out, their duties and 
serve by virtue of some inevitable and mysterious corporate existence, some appointed 
and predestined reason and source. The tides, the underground railway, the ten o’clock 
lecture, these have their being and their rules, but of how they are sustained and governed 
very few enquire in their youth. However, to conduct a society like ours, to ensure that 
your meetings are arranged and announced, to secure distinguished speakers and appropriate 
places of meeting, to see that the Proceedings are properly printed and delivered, and to 
maintain the efficient running of our organization in a hundred and one details is a matter 
‘that requires very skilled and devoted service, as well as considerable tact, knowledge and 
experience. In war-time, particularly, with shortage of staff, difficulties of communica- 
tion, fire-watching and other duties not normally imposed, the running of the Society 
has been a very difficult matter, and we might well have found ourselves at this stage 
with our affairs in confusion, our publications in abeyance, our members apathetic and 
diminished, and our influence sadly lessened. ‘That we are, on the other hand, in a 
flourishing state, with our membership steadily rising and our enthusiasm unchecked, is 
due in the main to our Honorary Secretaries. They have given far more than we had 
any right to expect, they have worked unsparingly and unceasingly for our good. 
Mr. Awbery, the papers secretary, has, for instance, been his own editor of the Proceedings ; 
Dr. Jevons, our business secretary, has been his own assistant secretary. They, in fact, 
with a diminished office staff and a thousand difficulties, working hours which few of us 
would contemplate, have kept our flag flying in a way for which we can never be sufficiently 
grateful. I ask you to allow me, on your behalf, to offer our especial thanks to our loyal 
secretaries. Members of Council, too, have not spared themselves. 


Se. LMR al Oe AMEN SKOXCTMS ANG 


Our Society was founded in 1874. Let us look back at the state of physics at about 
that date. In the preceding year, 1873, Maxwell had first published his Electricity and 
Magnetism ; Crookes had invented his radiometer, and van der Waals had published 
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the papers containing his celebrated equation. Airy was completing his term of office as 
President of the Royal Society, and Lord Rayleigh, at the time the Hon. John William 
Strutt, was elected a Fellow of the Royal Society: his Sound was to appear four years 
later. J. J. Thomson was a student at Owens College, Manchester, under Osborne 
Reynolds and Balfour Stewart, of whom the last-named became our President in 1886. 

In 1874, the year of our foundation, Tyndall was in control at the Royal Institution, 
but the greater part of his original scientific work had been completed. In that year, 
however, he delivered, as President of the British Association, his famous address at 
Belfast, which created a sensation and was, incidentally, the subject of a poetical summary 
by Clerk Maxwell, which summary was in its turn translated into Greek verse by R. 
Shilleto. Maxwell was at Cambridge, whither he had gone in 1873, although the main 
part of the researches by which his name lives was likewise completed: Faraday had 
died seven years before. Among the great contemporary names in physics were Kelvin, 
Stokes, Joule, Lockyer, Wheatstone and Crookes : van t’Hoff and Rayleigh were beginning 
to become famous: Hertz and Arrhenius were boys not yet heard of. In 1875 Oliver 
Lodge was appointed, at the age of twenty-four, reader in natural philosophy at Bedford 
College for Women. As regards the general mechanical conveniences of life, the first 
typewriter was put on the market in this year. The gas engine had been realized and the 
petroleum internal combustion engine was in its infancy. The Atlantic cable had been 
in operation a few years. The telephone had been invented, but the first commerical 
telephone switchboard was not to come for a few years. There was, of course, no electric 
lighting in the home and no gas-mantle. The first gramophone did not appear until 
three years later. It may therefore seem hard to some to believe that people could spend 
happy lives in those days, but we are credibly informed that they did. 

As regards the teaching of physics, the Cavendish Laboratory was completed in 1874 
and instruction in practical physics started there under Clerk Maxwell. There was only 
one student in this year, W. M. Hicks, who later become Professor of Physics and the 
first Vice-Chancellor at Sheffield. Teaching of practical physics was going on at 
Manchester, under Balfour Stewart, with about ten students doing practical work in the 
laboratory. Carey Foster had started systematic practical instruction in physics at 
University College, London, in 1866, to be followed by Grylls Adams at King’s College, 
London, in 1868, and Clifton at Oxford in 1872. Carey Foster had two rooms available 
for practical work, of which one was his private room and, as far as J can make out, there 
were about half-a-dozen students carrying out experiments. Carey Foster was the only 
one there, of course, carrying out research, and he first described his well-known bridge 
in 1872. As regards Oxford, there was no provision for research: in fact the advance- 
ment of knowledge was no part of the professor’s duties, and Clifton took care not to 
exceed his duties. Rucker, the one demonstrator there, was succeeded in 1874 by 
W. N. Stocker, who became a Fellow of our Society in 1877 and is now our senior surviving 
Fellow. He recently made a most generous contribution to our Holweck fund. 

It is perhaps worth noting that the first papers of Carey Foster, our second President, 
were all on organic chemistry. In particular, three papers which he published in co- 
operation with Matthiesen on narcotine are said, by those better able to judge than I am, 
to be a long step forward in the knowledge of the constitution of the alkaloids. J. H. 
Gladstone, our first President, subsequently became President of the Chemical Society 
in 1877, the only case, I believe, of one man having served as President of the two sister 
Societies. So close were the relations between chemistry and physics in those days. 

Returning to the teaching of practical physics in 1874, we will note that it was 
proceeding under Kelvin in Glasgow, where in 1870 a new laboratory had replaced the 
disused wine cellars in which instruction was previously given, and then turn to South 
Kensington. Here, at the College of Science, which had been one of the results of the 
Great Exhibition of 1851, Guthrie was Professor of Physics, giving regular courses of 
instruction. Perhaps I may quote from a letter written by Silvanus Thompson in 1875: 
“TI go at one p.m. to Professor Guthrie’s lectures on Physics—at first on Hydrostatics 
and Pneumatics, but just now beginning Sound. He lectures every day except Saturday. 
He is a ponderous Scotchman, and puts in ‘ of course’ about thirty times each lecture ’’. 
(This is the kind of thing that students write about their professors!) Later, when he 
came to know Guthrie well, Thompson paid affectionate tribute to his services to science 
and to the Society. In the same letter Silvanus Thompson, who became a Fellow in 
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1875 and President in 1901, mentions that most of the students were teachers in training, 
and it must be remembered that almost the only future for a professional physicist in 
those days was some branch of the teaching profession. In particular, if you wished 
to carry out physical research you had either to hold a teaching post or to possess private 
means. As for the teaching of physics, and of science in general, in the schools, it was, 
according to a Royal Commission “ regarded with jealousy by the staff, with contempt 
by the boys and with indifference by the parents”’. The general picture of British physics 
at the time is, then, one that shows a few intellectual giants, like Kelvin, Stokes and Clerk 
Maxwell, and a number of great but lesser known men keenly engaged in research, while 
laboratory instruction in physics was beginning at a few centres scattered over the country, 
at each of which half-a-dozen students or so laboured under some keen enthusiast who 
made up for indifferent accommodation and equipment by personal skill and devotion. 

I have tried, very briefly, to indicate the state of physics as it was in England when 
our Society was born. The birth was due to a circular letter which Guthrie sent out, 
saying, “‘ I wish to try to form a Society for Physical Research for showing new physical 
facts and new means of showing old ones, for making known new home and foreign physical 
discoveries, and for a better knowledge one of another of those given to physical work ”’. 
The consequence of this letter was the inauguration of the Society in the Physical 
Laboratory at South Kensington, with Dr. J. H. Gladstone as the first President. 
Gladstone was at the time Fullerian Professor of Chemistry at the Royal Institution and 
is remembered for the work which he carried out with T’. Pelham Dale on the refractive 
indices of liquids, resulting in their law connecting variation of refractive index with 
variation of density. The original Fellows who formed the Society numbered 99. 

Professor Guthrie, who did not become President until ten years later, took the office 
of “ demonstrator ”’, which emphasizes that interest in experimental demonstrations which 
the Society has always shown, and still shows. No doubt the office corresponded to that 
of “‘ curator of experiments’, to which, in 1662, Robert Hooke was appointed in the 
newly formed Royal Society. It continued in the Society until 1897, when C. V. Boys, 
who had hitherto been “‘ Demonstrator and Librarian’”’, became simply “ Librarian ’’. 


$3. SOME NOTABLE CONTRIBUTORS TO THE ‘PROCEEDINGS’ 


Publication of the Proceedings of the Physical Society of London began at once, the 
first paper being one by J. A. Fleming, whom we lost this year, ‘“ On the new Contact 
Theory of the Galvanic Cell’’. In the same volume is a paper by McLeod, describing 
his celebrated vacuum gauge, a paper by Crookes on his radiometer—not the first descrip- 
tion of it, but the first considerable discussion—and another by Guthrie on “ Salt 
Solutions and Attached Water’”’, giving an account of some of his classical work on 
cryohydrates. The names of Oliver Lodge and Carey Foster also occur. In the first 
ten years J. A. Fleming, Oliver Lodge, Norman Lockyer, Silvanus Thompson, R. T. 
Glazebrook, Ayrton and Perry, Arthur Schuster, J. H. Poynting and C. V. Boys are among 
the frequent contributors, and among contributions from America we have a considerable 
one by Hall, on the Hall effect—not the very first announcement of the effect, but following 
close upon it—and a note by H. A. Rowland on this discovery. "The average yearly 
production for these first ten years is about 170 pages. Since those times the standard 
has been well maintained: in recent times such names as Finch, Ezer Griffiths, Laby, 
Lennard Jones, Lindemann, Mott, Raman, Rankine, O. W. Richardson, Rutherford and 
Chadwick and Temple adorn our pages, and I will in particular remind you that many 
of W. H. Bragg’s papers first appeared in our Proceedings, and that Sir Edward Appleton’s 
great series of papers on the ionosphere were likewise printed by us, beginning in 1928. 
One of his very earliest papers appeared in our Proceedings in 1921. He is a pretty shrewd 
judge, and chose the Physical Society for his papers, I believe, when he found out that 
not only is our standard high but that we can be relied upon to print important papers 
with great expedition and in a worthy manner. Of recent years our annual volume has 
consisted of some 700 or 800 pages, and has on occasion exceeded 1000 pages. We adopted 
our present large format in 1921, and I think it is generally agreed that our standard of 
production is commendable, so that as regards quality, quantity and presentation we have 
no reason to be ashamed of our Proceedings. We have, however, plans for extending 
our publication, to which I will refer later. 
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I have glanced at our Proceedings : another way of estimating our position in the world 
of physics is to look at the list of past Presidents. It includes Lord Kelvin, G. F. Fitzgerald, 
Sir Oliver Lodge, J. H. Poynting, H. L. Callendar, Sir Arthur Schuster, Sir Alt J. Thomson 
Sir Charles Boys, Sir William Bragg, and Sir Arthur Eddington, to mention only the 
dead. This is, indeed, a gratifying list, justifying our claim to have been supported— 
actively supported, for all these took a keen interest in the Society and did not regard the 
office as a sinecure—by the greatest physicists of the time. If I am to mention only one 
of the living past Presidents it shall be Sir Frank Smith, whom I choose because he presided 
brilliantly at our Jubilee Celebrations in 1924, and rendered outstanding services to the 
Society, both during and after his years of office. 


§4. PUBLICATIONS 


As regards our publications, in the first place we have our Proceedings, in which, as I 
have already said, most of the great names in British physics have appeared. From the | 
time of Rowland we have from time to time been gladdened by American contributors : 
R. W. Wood in particular has sent us some of his most interesting papers. 

In 1934 appeared the first volume of our Reports on Progress in Physics. It was 
J. J. Thomson, our President from 1914 to 1916, who first suggested the issue of these 
Reports, and he generously put up some money for a guarantee fund. Fortunately, after 
the first year this fund has not been called on. The Reports have found a warm welcome 
on both sides of the Atlantic and have evidently met a need. Volumes I to V are out 
of print. Four volumes have already appeared since the outbreak of war, and another, 
Volume X, is in active preparation. We have been fortunate in obtaining outstanding 
articles from American physicists, especially since the war: the fact that the energetic 
editor of the Reports, Dr. W. B. Mann, has been for some time resident in America has 
helped to secure American co-operation, which we greatly value. This may be a suitable 
place at which to express our thanks to the American Institute of Physics. This organiza- 
tion is not a counterpart of our Institute of Physics, but a publishing body which comprises | 
the corporate membership of five societies, namely, the American Physical Society, 
Optical Society of America, Acoustical Society of America, Society of Rheology and the 
American Association of Physics Teachers. The Institute has been of great help to us 
during the war years by assisting in every way to distribute our Progress Reports among 
American physicists with the minimum formality, and has always shown us the greatest 
goodwill. 

Besides these serial undertakings, we have from time to time issued special publications. 
Four special reports won instant recognition : those of Sir James Jeans on Radiation and 
* the Quantum Theory (1st edition 1914, 2nd edition 1924) ; Sir Arthur Eddington on 
Relativity Theory of Gravitation (1920) ; A. Fowler on Series in Line Spectra (1922) ; 
and W. Jevons on Band Spectra of Diatomic Molecules (1932). Each of these appeared 
at a time when it filled an urgent demand. We published the Collected Papers of Wheat- 
stone (1879) and of Joule (1884). The Papers and Discussions of the International Con- 
ference of Physics held in London in 1934, in the organization of which we played a great 
part, were published by the Society, and the proceedings of various Discussions organized 
by us, such as, e.g., the Discussion on Vision and the Discussion on Audition, have been 
published. 

A word as to our future policy in regard to publications may be welcome. It was 
Suggested at Council in 1943 that there was a need of a medium for the publication of 
original papers on physical problems whose main interest was industrial and technical, 
corresponding to the German Zeitschrift fiir Technische Physik, which was initiated in 
1920, at the time of the foundation of the Zeitschrift fiir Physik. "There seemed general 
agreement as to the reality of the need, and it has been decided, after due deliberation 
of the proposal by a Joint Committee set up by our Society and by the Institute of Physics, 
to which I shall refer later, that special provision should be made for papers on the more 
technical aspects of physics. It has not yet been decided whether to divide the Proceedings 
into two parts, called, say, “A” and “‘ B”’, or whether to bring out a separate journal, to 
be called Physica Technica, or some such title. Here, again, Council will welcome ex- 
pressions of opinion from the Fellows. In any case, everything points to the fact that it 


will soon be necessary for us to issue two volumes a year, instead of the customary one 
volume. 
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There is, however, a further publication in view. Many of the discussions of Groups 
are of great interest, while not describing in the first place original work. It is widely 
. considered that there may be’a place for a journal which shall deal mainly with discussions, 
papers which survey authoritatively certain restricted branches of physics, critical reviews 
of current problems and so on. Proposals have been made, but as nothing has yet been 
decided I can merely assure you that the matter is receiving consideration, and further, 
that nothing will be done by us without consultation, through the Joint Committee, with 
the Institute of Physics. 

I cannot leave the subject of publications without referring to the goodwill that the 
Royal Society has extended of recent years to our Proceedings. 1 think that I may venture 
to say that any wish which we may cherish to take a greater part in the publication of 
British physical papers will not meet with a rebuff from that quarter. 


§5. THE ANNUAL EXHIBITION 


One of the most successful and useful undertakings of the Society is our Annual 
Exhibition of Scientific Instruments and Apparatus. This started from very humble 
beginnings. In 1905 there was held an “ informal meeting’’, at which an exhibition 
of apparatus was given by the following firms : R. & J. Beck ; Cambridge Scientific Instru- 
ment Co. ; Crompton & Co.; Elliot Bros. ; Everett, Edgcumbe & Co. ; Fricker & 
Miller ; Peter Heale ; Adam Hilger ; Isenthal & Co. ; Marconi Wireless Telegraph Co. ; 
Nalder Bros. & Thompson ; Newton & Co. ; R. W. Paul ; Pitkin & Co. ; Rumney & 
Rumney ; Synchronome Co. ; Carl Zeiss. Most of these firms are familiar to you and 
were among our most recent list of exhibitors. The attendance was about 240, which 
was greater than expected. In 1906 was held a like informal exhibition, with some fresh 
names, familiar to us now, among the exhibitors—I may mention Casella ; Evershed and 
Vignoles ; Gambrell ; Ross; J. Swift & Sons; and Alexander Wright. In 1907 a 
more formal exhibition was held, which attained to the dignity of a notice in Nature (77, 
159, 1907). Since that time the function has yearly increased in importance : at our last 
Exhibition before the war, the twenty-ninth, 80 firms exhibited, and the total attendance 
over the three days was nearly nine thousand. Our Exhibition catalogues of recent years 
have been most valuable guides to the state of the scientific instrument industry, not only 
in this country, but elsewhere, and the prudent have kept their copies. The catalogues 
as issued for the first few exhibitions were mere leaflets. I only know of one complete 
set of catalogues from the start, that in the possession of the Society. 

It may be of interest to refer to one or two of the stages by which the Exhibition has 
progressed. In 1909 discourses of general interest, by leading physicists, were introduced 
as an attraction, the first two being given by C. V. Boys and Silvanus Thompson. In 
1926 three new sections were added, devoted respectively to recent research of instrumental 
interest, effective lecture experiments, and apparatus ; and experiments of historical interest. 
In 1930 a competition for craftsmanship and draughtmanship was initiated, for learners 
and apprentices belonging to the exhibiting firms, which brought forth some exhibits of 
the greatest merit and awakened general interest. 

As regards the future, you will be glad to hear that some months ago your Council 
decided that there was a good prospect that the Society would be able to hold an Exhibition 
in January 1946, and set up a Committee, under the chairmanship of Professor G. I. Finch, 
to organize matters. I am happy to say that the response from the industry is very 
encouraging, and we hope to have a display of instruments and apparatus that will be 
truly representative of the art and that will interest not only our own people but also to our 
friends from other parts of the world. 


$6. PHYSICAL SOCIETY GROUPS 


A recent innovation are our discussion groups, initiated during the war. Of these 
we have at present two, the Colour Group and the Optical Group. ‘The Colour Group 
arose spontaneously out of discussion at one of our science meetings in 1940. At this 
meeting Dr. W. D. Wright suggested that the Society should undertake the organization 
-of the many workers who were interested in the discussion of the various physical aspects 
of colours, so that they might have definite times and places of meetings and pre-arranged 
and pre-announced programmes of proceedings. Dr. Allan Ferguson, the reigning 
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President, who was in the Chair, favoured the suggestion, and as a result the inaugural 
meeting of the Colour Group was held in January 1941, under the Chairmanship of 


Dr. Wright, who very successfully conducted the Group through its difficult initial stages. | 


In due course he was succeeded by Mr. J. Guild, who recently handed over to Dr. R. K. 
Schofield a very flourishing organization, the present membership being about 160. 
The Optical Group was founded, at the initiation of Professor L. C. Martin and 


Dr. W. Jevons, shortly after the foundation of the Colour Group. It was constituted to — 


meet in the first place the specific needs of the members of the old Optical Society, which 
amalgamated with the Physical Society in 1932. Professor Martin was formerly an officer 
of the Optical Society. Under the wise guidance of its first chairman, Professor A. O. 
Rankine, who was our President from 1932 to 1934, the Group has held very successful 


war-time meetings, and now numbers about 350 members. The present Chairman is | 


our old friend Instr.-Captain T. Y. Baker, R.N., who joined the Optical Society thirty- 
five years ago. 


Shortly after our first Group was organized, the Institute of Physics started a policy 


of forming groups, and the inaugural meeting of its first group, which deals with Industrial | 


Radiology, was held in May 1941. Two other groups were subsequently formed by the 
Institute, on Electronics and X-Ray Analysis respectively. I am glad to say that, with 


the object of avoiding competition and confusion in the setting-up of groups, in publica- — 
tions and in all matters in which both bodies are concerned, a permanent Joint Committee | 
has been constituted ‘“‘ to facilitate co-operation between the Physical Society and the | 


Institute of Physics’’. Some little time ago Sir Alfred Egerton wrote to me suggesting 
that the Society should form a Low-Temperature Group, for the discussion of the pro- 
duction and measurement of low temperatures and the properties of matter at such tem- 
peratures. In this connection low temperatures are understood to be those below —80° c. 
or so and not only helium temperatures, which are, of course, included. It has now 
been decided, at the recommendation of the Joint Committee, to initiate such a Group, 
and we are calling an informal meeting of some of the leading workers in this field to discuss. 
the matter. Any suggestions from Fellows will, of course, be welcomed by Council. 


§7. ACCOMMODATION 


Looking to the future, undoubtedly one of our greatest needs is suitable accommodation. 
Since 1939 we have, by the great kindness of The Royal Commission for the Exhibition 
of 1851, been housed at Lowther Gardens. Our sincere and cordial thanks are due to 
our generous hosts, the CommisSioners, and in particular to their secretary, Dr. Evelyn 
Shaw, whose kindliness and consideration will always be remembered with pleasure and 
gratitude by the officers of the Society. Without the hospitality of the Commissioners. 
we should have been in sore straits. It would, however, be an affectation to pretend that 
the two uppermost floors of 1 Lowther Gardens constitute premises suited to our present 
needs. ‘The rooms, originally bedrooms in a private house, can be adapted to ordinary 
office uses, but there is no room suited for use as a library, and, of course, no kind of a lecture 
room at all. 

Our location in South Kensington is advantageous so long as we have to depend for 
theatres for our meetings on the kindness of the Imperial College, or on occasion of the 


Science Museum, whose director, Colonel Mackintosh, has always shown us great good- | 


will. It is, however, not very easy of access. We require a more central site and we 
require convenient rooms where we. can not only carry out our office business and discharge 
our various duties to our Fellows, but also receive worthily our guests from the Empire 
and other countries overseas. Our needs may be said to be some eight adequate offices. 
of one sort or another, suitable space for the storing of archives, an adequate library, 
a Council Room, a lecture theatre accommodating about a hundred auditors and a lecture. 
theatre capable of seating some three hundred auditors. The Council Room and lecture 
theatres would, of course, be needed for intermittent; and not daily, use, and the economic 
scheme would be to share them with other scientific societies. 


The ideal scheme of accommodation would, then, seem to be a central building adapted. 


to house the chief scientific societies, a building in which each society would have its own 


block of offices, and in which council rooms, lecture theatres and public rooms would be | 


at the disposal of the various participating societies. Common arrangements might 
advantageously be made for the printing of Proceedings and other periodical publications. 
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of the societies and for their dispatch. I am glad to say that our august mother, the Royal 
Society—for all the chief scientific societies in England were founded by her Fellows, 
and are in some sort descended from the Royal Society—is keenly interested in such a 
scheme. As the result of her activities a delegation, headed by the President of the Royal 
Society, was received on 13 October 1944, by the Lord President of the Council, the 
Chancellor of the Exchequer and the Minister of Works and Buildings. The object of 
the delegation was to represent the urgent need of a comprehensive scheme for the future 
housing of the Royal Society and other scientific societies. I was fortunate enough, in 
my capacity as your President, to be a member of this delegation and to be allowed to 
represent our needs to the Ministers present. Their reply to the delegation, although 
necessarily non-committal, was by no means discouraging. 'The Royal Society was asked 
to submit a detailed scheme of the needs of all the societies involved and has been collecting 
the information, of which we have supplied our part. It would be a graceful acknowledg- 
ment of the part which organized science has played in the successful prosecution of 
the war if the Government were to provide a worthy central home in which various scientific 
societies could live together under the fostering influence of the Royal Society. 

Such a building would solve one of our most urgent needs, which is convenient and 
accessible library accommodation. As regards books, we are tolerably well off as far as 
the periodicals of physics are concerned, but we are less satisfactorily equipped with text- 
books and specialized works. We have some historical books of interest, the gifts of Fellows 
of the Society. The library facilities are much needed by our Fellows, but the inaccessi- 
bility and inadequacy of our library space prevent full use being made of what books 
we have, and also stand in the way of development. I feel that if we could properly display 
our possessions and comfortably accommodate our readers, we should find that Fellows 
would support our library with gifts and bequests, and that, further, Council would 
allocate larger sums for library purposes. We have to welcome a very recent bequest 
from Mr. G. L. Addenbrooke for the purchase of books of a special character, and we 
hope to receive further presents. 

The matter of library organization under the central building scheme has already 
received attention. A meeting of librarians of various scientific societies, including our 
own, was convened by the Royal Society and deliberated on various possibilities. At 
this meeting we were represented by our Librarian, Professor L. C. Martin, to whose 
work for the Society I should like to pay tribute. I have not the time, nor have I obtained 
permission, to describe to you the results of these deliberations, but I thought that you 
would like to know that the whole matter of a central library covering various branches 
of science had been discussed from the point of view of peace, economy and convenience. 


§8. SPECIAL LECTURES 


We have under our control a series of special lectures of which we are proud. ‘The 
oldest of such functions is the Thomas Young Oration, founded in 1907, which we took 
over when the Optical Society amalgamated with us in 1932. Of recent years this has 
been given biennially. We have often made this oration an opportunity of hearing one 
of our distinguished foreign colleagues, and this year, for the first time, we are to have 
an orator from Sweden, Professor Ragnar Granit, who will address us on colour perception. 

The annual Guthrie Lecture was founded in 1914 to commemorate our founder, 
Professor Frederick Guthrie. The list of Guthrie lecturers includes some of the most 
famous names in physics. We have drawn our Guthrie lecturers from America, France, 
Denmark, Germany, Holland and Sweden, as well as, of course, Great Britain. Fellows 
will remember that last year we were delighted to draw, for the fourth time, our Guthrie 
lecturer from America, Professor Joel Hildebrand. This year we are to hear Professor 
A. Duperier, a Spaniard, who has been working in England for some years. 

The biennial Charles Chree Medal and Prize was founded by Miss Jessie 5. Chree 
to commemorate her brother, our President from 1908 to 1910, and carries a very handsome 
emolument. Professor S. Chapman, a Londoner, was the first recipient ; Professor B. F. J. 
Schonland, from South Africa, the second: this year, as third Chree Medallist, we are 
to hear Dr. J. A. Fleming, of the Department of Terrestrial Magnetism of the Carnegie 
Institution, Washington. 

Of the Duddell Medal you have heard this afternoon. We shall shortly be proceeding 
to award a new prize, the Charles Vernon Boys Prize, which derives from a bequest of 
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money by Sir Charles Boys. It is to be given annually for distinguished research in 
experimental physics, carried out within five years preceding the date of the award. 

The first Rutherford Memorial Lecture was given in 1942 by his colleague and our old 
friend, Professor H. R. Robinson. This year we are to hear the second Rutherford Lecture 
from Professor J. D. Cockcroft. 

We have on hand a new project which I have very much at heart, the foundation of a 
Holweck Prize, the object of which is to foster friendship and co-operation between British 
and French physicists. It is named after Holweck, perhaps the most skilful experimenter 
that France has produced of recent years. He was the kind of man to whom we award 
the Duddell Medal, and he was murdered in Paris by the Gestapo. It is our intention 
that the prize shall be given in alternate years to a British and to 2 French physicist, and 
that each prize-winner shall visit the capital of the other country to receive it. We 
have appealed for subscriptions, and the initial response has been very encouraging. We 
are just inviting certain of the leading firms connected with physical research to subscribe 
to the Holweck fund, and I hope that all present will do their best to forward this project. 
The response of our French friends to our gesture has been all that we desired. 


SOL GNENS, SOCAN ALO EID INE 


This leads me to say a word about our relations with other countries and with other 
societies. I have already referred to our very cordial friendship with the United States, 
from which country we so often draw our special lecturers. I may say that we have been 
promised some excellent articles from America for our Progress Reports, which have a 
warm welcome over there. 

Last year we had the pleasure of welcoming M. Boutry, representing the Société 
Frangaise de Physique, at a Science Meeting, and of greeting through him our French 
colleagues who have held up their heads and maintained their scientific and patriotic 


ideals through times of such hard trial, in spite of all that the brutal invader could do. | 


We also heard an outstanding lecture from M. Guinier. Our relations with our French 
colleagues are warm and deep. 

Within the Empire our position is firm. We have many Fellows in both Canada and 
Australia ; nevertheless we should be very glad to welcome more. Professor Schonland, 
who recently went back to South Africa as the Director of Scientific Research for the 
Union, was for some time a member of our Council, and will, we are confident, uphold 
our interests there. Last year We were able to strengthen our ties with our Indian 
colleagues by taking part, both as a Society and as individuals, in welcoming the Indian 
scientists visiting this country as guests of the Government. Among them were two 
celebrated physicists, Professor Meghnad Saha and Professor S. K. Mitra, who addressed 
us on subjects to which they have made outstanding contributions, Professor Saha at a 
special meeting held in London, and Professor Mitra both in Cambridge and in London, 
choosing different subjects for his two lectures. We should like to see more Indian 
names recorded among our Fellows, and trust that one result of this visit will be an accession 
to our Indian representation. 

In 1944 we elected Professor Joffé, of Moscow, to be one of our Honorary Fellows, the 
number of which is restricted to twelve. We hope that with improvement of communica- 
tions we shall be able to hear and see more of our Russian colleagues. We are also keenly 
anxious to renew our former very cordial relations with the Scandinavian countries and 
with Holland and Belgium, and trust soon to see some of our old friends from those 
parts with us again. 

While speaking of our international relations, I may say that the Presidents of the 
Société Frangaise de Physique, of the American Physical Society, and of the Optical Society 
of America are ex-officio Fellows. 

To our relations with the Royal Society I have already referred more than once. That 
great scientific Fellowship has clearly shown that it recognizes the substantial part that 
we play in the organization of British science and that it will further all our legitimate 
aspirations. We treasure the goodwill of the Royal Society, and respond with affection 
and gratitude. With the Faraday Society and the Royal Meteorological Society we are 


on cordial terms : we have shown how highly we think of the judgment of the latter by - 


choosing one who was their President for three years as our own next President. I have 
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had occasion to speak of the Committee which has been set up to promote cordial co- 
operation with the Institute of Physics, and it is the wish of all of us to live on terms of 
close friendship with that guardian of the professional interests of British physicists. 

A very strong feature of the Society is the body of Student Members. At present, 
by our Articles of Association, a student member must be between eighteen and twenty-six, 
and cannot remain a student for more than four years. “He or she pays no entrance fee 
and a subscription of only half a guinea, which entitles to admission to all meetings and 
to receive the Proceedings, the Agenda Paper and Notices, and the Catalogue of the 
Exhibition. The object is, of course, to make it easy for the young physicist to take a 
full part in our activities and to attract him to become a Fellow when his four-year period 
is finished. 

The Student Membership has increased very much of recent years. For the twenty 
years from 1903 to 1923 the average number of Student Members was about 7. In 1927 
it reached 27, and then began a more or less steady increase. In 1944 the number was 
279, the highest figure ever reached. About seventy per cent of our Student Members 
become Fellows. 

We are, then, a flourishing Society, rejoicing in strong international friendships and 
cordial goodwill at home. ‘That we are flourishing we may claim both in view of our 
scientific activities, which I have set before you, and of the growth of our membership, 
illustrated by the graph now shown. You will see that since 1917 our numbers have 
risen steeply and steadily, except for a bump beginning in 1932 ; this was due to the 
accession of members from the Optical Society, which merged with us in that year. We 

-can claim, I think, to give our Fellows substantial benefits. [he meetings which we 
organize and the very real fellowship which we foster there and elsewhere mean much 
to British physicists. We have a library, our ambitions for which I have touched upon 
when speaking of our aspirations in the matter of accommodation. In the way of publica- 
tions we supply, free of charge, the Proceedings, the Physics Abstracts and the catalogue of 
the Instrument Exhibition, while Fellows can obtain the Progress Reports and all other 
publications at much reduced rates. Our publications and general activities, such as 
special lectures, have grown immensely since, say, 1910, yet our subscription has remained 
at two guineas since that date and earlier. In fact, the Physical Society has maintained 
pre-war—pre~1914 war—charges for a greatly increased service. I do not want to cast a 
gloom on this ardent gathering, but I feel that I ought to issue a warning that this state 
of affairs cannot reasonably be expected to go on for ever, and could not have persisted 
so long if we had not been running with an office staff much too small for our needs. 
We have managed to carry on only by the personal exertions of the Business Secretary, 
to which I have already paid tribute, but firstly he cannot be expected to continue in this 
way, and, secondly, he has, even so, only just been able to keep abreast of the essential 
work, with the consequence that there is a large accumulation of matters not of first urgency, 
but which now require attention. We must provide, and pay for, proper staff. 

I have been talking of the state of our Society and of its standing in the world of science. 
I think that you will be interested to know that Council has decided that an application 
for the incorporation of the Society under Royal Charter shall be made when such a 
course becomes possible. During the war such incorporations have been in abeyance. 
If our application is granted we shall, of course, become the Royal Physical Society. 


$10. THE FUTURE OF THE SOCIETY 


Finally, I want to impress upon all Fellows that while, in ordinary parlance, they 
belong to the Society, actually the Society belongs to them. It depends for its vigour 
on the support that they give to it: its Proceedings are a reflection of their activities in 
pushing forward the bounds of science : the success of its meetings is measured by the 
interest which they display. Whether, as we confidently trust, the Society goes forward 
with ever-increasing usefulness, influence and lustre, or whether, as we have little fear, 
it declines to a dull mediocrity, is a matter that, in the end, depends on the Fellows. ; I 
can assure you, from detailed experience, that you have a Council made up of men with 
expert knowledge of physics, of physicists and of affairs ; men who have the interests 
of the Society very near to their hearts and are willing to give up time and energy—nay, 
anxious to devote their best efforts—to promote these interests. They are not a set of 
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academic recluses or amiable figure-heads, desirous to see only their own friends on Council, 
but men who are eager to welcome representatives of the younger physicists when 
they show interest in the Society and the will and ability to help to advance its 
interests. I have, for instance, during my term of office as President, had the pleasure 
of welcoming to Council one who not so many years ago was a research student of mine. 
Council is always glad to receive from Fellows suggestions for the good of the Soctety 
and, in particular, recommendations as to new members of Council have always been 
and, I am sure, will always be, considered at election time. 

‘These are times of great opportunity. We have been promised a greatly increased 
measure of financial support for the Physics Departments and their laboratories in our 
Universities : physics is being used in industry to an extent never before approached 


in England, and it seems to be realized in high circles that our future prosperity depends ~ 


to a marked degree on the encouragement of physical research in its technical applications, 
We have an important part to play in fostering physical research in all its branches by 
affording worthy means of publication and by promoting discussion and friendly feelings 
among all physicists, whether engaged in teaching, pure research or industrial research. 
It is for us at our meetings to bring our younger Fellows and our Student Members into 
personal contact with the veterans of physics. We have important work to do in promoting 
international good feeling in the world of physics. JI ask you to support your Society 
in an active manner, with something more than automatic co-operation—with vehemence, 
with enthusiasm. In your new President you have one who brings all the qualities 
necessary to lead our Society with brilliant success—outstanding eminence in one branch 
of our subject, recognized last year by the award of a Royal Medal: a wide knowledge 
of physics, both theoretical and experimental, to which his war work has added : experi- 
ence of men and things in various parts of the world : a genuine affection for the Society, 
which has received practical expression in the work which he has done for it as an active 
member of Council: a kindly, yet shrewd personality: and three years’ experience of 
high office as President of the Royal Meteorological Society. He will lead you with skill 
and courage, with adroitness and with enthusiasm, through the many difficulties of the 
immediate future to a position of acknowledged power and of supreme use in the common- 
wealth of science. May our Society flourish and increase ! 
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Messrs H. K, LEWIS can supply from stock or to order any book on 
the Physical and Chemical Sciences. 


German Technical Books. A twelve-page list together with two 
eight-page supplements giving details of reproductions of German technical 
publications issued under the authority of the Alien Property Custodian 
in Washington has just been prepared ; copies will be sent on application. 


SECOND-HAND SCIENTIFIC BOOKS. An extensive stock of books in 
all branches of Pure and Applied Science may be seen in this department. 
Large and small collections bought. Back volumes of Scientific Journals. 
Old and rare Scientific Books. Mention interests when writing. 
140 GOWER STREET. 


SCIENTIFIC LENDING LIBRARY 


Annual subscription from One Guinea. Details of terms and prospectus free on request. 


THE LIBRARY CATALOGUE revised to December 1943, containing a classified index 
ofauthorsand subjects: to subscribers |2s. 6d. net., to non-subscribers 25s. net., postage 8d. 


Quarterly List of Additions, free on application 
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PAST PUBLICATIONS ~ 
OF THE 


PHYSICAL SOCIETY AND OF THE OPTICAL SOCIETY 
STILL AVAILABLE 


The present prices, shown in the following list, many of which are approximately half 
the published prices, are inclusive of postage. 


Fellows and Student Members of the Physical Society, and Members of the Colour and 
Optical Groups of the Society, may obtain copies for their pet use at half the 
present prices. 


International Conference on Physics (London, 1934). 


Papers and Discussions. Vou. 2. The Solid State of Matter. Pp. 183. Published in 1935 at 
10s., in paper covers. Present price 5s., in plain brown paper covers. 


Reports on Symbols, Units and Nomenclature (approved by the General Assembly of the Inter- 
national Union of Pure and Applied Physics). Pp. 40. Published in 1935 at 2s. 9d., in 
paper covers. Present price 1s. 6d., in plain brown paper covers, 


Report on Band Spectra of Diatomic Molecules, by W. Jevons, D.Sc., Ph.D. Pp. 308. Published 
in 1932 at 21s., bound in cloth, and 18s., in paper covers. Present prices the same. 


maar te He Audition. Pp. 151. Published in 1931 at 7s. 3d., in paper covers. Present price 
S. 


Discussion on Photo-electric Cells and their Applications. Pp. 236. Published in 1930 at 12s. 6d., 


in paper covers. Present price 6s. 4d. 


A Discussion on the Teaching of Geometrical Optics. Pp. 84. Published in 1929 at 4s. 6d., in paper 
covers. Present price 2s. 4d. 


The Decimal Bibliographical Classification (Optics, Light and Cognate Subjects), by Professor A. F. C, 
pete D.Sc. Pp. 109. Published in 1926 at 7s. ‘6d., bound in cloth. Present Price 
s 


A Discussion on Ionization in the Atmosphere and its Influence on the Propagation of Wireless Signals. 
Pp. 50. Published in 1925 at 3s., in paper covers. Present price 1s. 6d. 


The Effect of Electric and Magnetic Fields on’ Spectral Lines (The seventh Guthrie Lecture), 
by TEE Niels Bohr. Pp. 30. Published in 1923 at 2s. 6d. in paper covers. Present 
price 1s. 4d. 


} 


A Discussion on X-ray Measurements. Pp. 45. Published in 1923 at 2s. 6d., in paper covers. 
Present price 1s. 4d. 


Motor Headlights. Pp. 39. Published in 1922 at 2s. 6d., in paper covers. Present price 1s. 4d. 


Report on Series in Line Spectra, by (the late) Professor, A. Fowter, C.B.E., Sc.D., F.R.S. 
Pp. 182, with 5 plates. Published in 1922 at 12s. 6d., in paper covers. Present price 6s. 4d. 


The ra and Chemistry of Colloids and their Bearing on Industrial Questions, a general discussion 
Pp. 190. Published in 1921 at 2s. 6d., in paper covers. Present price 1s. 4d. 


Discussion on the Absolute Measurement of Electrical Resistance, and Instruments based on the: 
Lemperature-Variation of Resistance. Pp. 49, Published in 1921 at 2s. 6d., in paper covers. 
Present price 1s. 4d. ' 


Discussion on Lubrication. Pp,34. Published in 1920 at 1s. 2d., in paper covers. Present price 8d. 


Report on the Relativity Theory of Gravitation, by Sir Arruur S. Eppincton, O.M., F 
Pp. 91: Published in 1920 at 6s. 3d., in paper covers. Present price 3s. 2d. ee 


A Discussion on the Making of Freee Surfaces. Pp. 44, Published in 1920 at 5s., in he 
covers. Present price 2s. 6 i 


_ Metrology ae oe Industries. Pp. 29. Published in 1919 at 1s. Od., in paper covers. Pieseek 
price 


Orders, accompanied by remittances, should be sent to 


THE PHYSICAL SOCIETY | 
_ 1 Lowther Gardens, Exhibition Road, London S.W.7 


